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ABSTRACT

The work investigated in this URI project is concerned with the active control of
radiated sound using advanced structural systéms with fully integrated actuators and
sensors driven by realistic forms of disturbances. The overall goal was to demonstrate
active control of sound radiated from vibrating structures with a fully integrated,
practical active material including multiple actuators and sensors. This ultimately implies
addressing the requirements for realistic active structures with integrated actuators and
sensors as well as developing new sensing, control theory and design approaches so that
the active material systems can be correctly and efficiently implemented.

This report summarizes three years of research work to achieve these goals. The
work was evenly split between two main groups. The Materials Research Laboratory
(MRL) at Penn State University addressed the development and construction of a suitable
actuator system. The Vibration and Acoustics Laboratories (VAL) at Virginia Tech
focussed upon developing new approaches for radiation control, system component
development and integration and integrated system testing and demonstration. The work
essentially followed a general theme of continual component development, system
integration and testing through .various phases tightly coordinated between MRL and
VAL. , o

The two core technologies of the project were a new air piezoceramic actuator
system conceived and developed by MRL and a new radiation control approach based
upon a continuous active skin conceived and developed by VAL.

The report describes work by MRL-PSU on developing an constructing a new
actuator called PANEL based upon using double amplification obtained from a system of
orthogonal bimorph piezoelectric elements covered with an acoustic diaphragm
configured in a flextensional type manner. The resultant PANEL source after many
iterations of analysis, development, construction and testing was found to provide
amplification ratios of around 250:1 and generate diaphragm vibration levels of the order
of 500 microns (on resonance) and 200 microns (off resonance) over a frequency range of
0 to 1500Hz. The corresponding sound pressure levels generated by the PANEL source
at Im ranged from 80dB at 200Hz to 90dB above 400Hz. These performance levels were
considered high enough to enable the PANEL source to be applied to a number of
practical noise problems such as interior noise in aircraft and cars as well as electrical
transformer noise and jet engine inlet noise. For applicatioris below 200Hz, where the
performance of the PANEL falls off, a new pseudo-shear multi-layer actuator utilizing
folded multi-layer piezoelectric elements was devel'oped and tested. The new pseudo-
shear actuator was found to have significantly enhanced very low frequency performance
below 200Hz.

The report also describes the new active noise control approach based upon
implementing an active-skin which completely covers the structure conceived by VAL-




VPIL In the VAL part of the project, multiple PANEL actuators were integrated into a
continuous skin system with independently controllable sections. A new structural
acoustic sensing approach which enable the integration of sensors directly into the skin
and yet allowed estimation of far-field sound radiation was developed and implemented
in the active skin system. New control approaches and system optimization and design
approaches were developed and used to efficiently configure and control the skin system.
New active-passive approaches, which take advantage of the system natural dynamics to
lower control authority requirements and increase robustness, were investigated. Finally
the component technologies were integrated into an active skin approach designed to
control broadband sound radiation from a test panel. The active skin system with
integrated sensors was tested and found to provide total attenuation of the plate radiated
sound power of 7.3dB over a bandwidth from 200 to 600Hz. This bandwidth
encompasses multiple plate mode resonances. In order to handle the very low frequency
region below 200Hz a new distributed active vibration absorber was implemented and
tested. The work has demonstrated the high potential of an active skin with integrated
piezoelectric amplifier elements and structural sensors for controlling structurally
radiated sound with realistic loads.

The report is divided into two main parts. The first part summarizes work at
MRL-PSU on developing the new actuator systems. The second part describes the system
integration and testing performed at VAL-VPL Throughout the report, reference is made
to a set of published papers which describe the project work in detail. These papers are
provided for convenience of the reader in Appendices at the end of the report.
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Piszoelectic air mansducer for acgve noiss control
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CABSTRACT

A new type of piezcelectic air Tanscuser has besn develcped for acIve noise control and other air acoustics applicarions.
The T=mscucer is based on the composits panel soucnrrs of 2 bimorph-tasad double ampliifier, thar is, two parallel bimorphs
cr bimersh arTIys Witk a carved cover piate as an active face armched to the wp of the bimorphs. The secTo-mechanical and
iecro-acousdc properdes of the double zmpiifier squcawre and e Tzmsducer s invesdgaed i this paper. The displacement
of e cover piare of Be doudie ampiifier sTucnre can reach miilimert=r scrie with a relanvely low &iving voltage, which is
mores an = tmes larger thap de op dispiacement of bimorphs. The sound pressare level (SPL) of the Tensducer com be
large &ax S0dR (pear Jeld) in te Sxquency mange from S0 w0 10C0EZ and be larger than 80dB (&r Z=id) fom 200Hz w
1000E=z, witk the largest vaiue =ore £ 150dB (pexr fJeid). Beczuse of s light weight and pane! souenoe, it has the

.

pote=zal 10 De used I acve noise coumol
Xerwords: siecseiecTic Tmsdues, Torphs, double ampiifer stmemre, 2ir acoustics, asive aoise coztol

LINTRODUCTCN

el -.m...--_.n.w Tonsducers Sased on piezoelacTis mareriais Bave heen widsly wsed Iy macy decadss, Howeves,
=cst of =2ss Teoscucss aw wse 1§ e arms of wimascmics amd mderwater acoustes' It s 2l ESamuit w oy
sismoeiscriz materiais or deviess I 2 icoustics, sspeciaily 2t low Teguemcy mznge. On de ofter kand becauss of ter
micus :-::--...:s. uca zs digh .............:zmml coupiing e=cism<y, T2 2bility of doth sensing zmd Tzmsmimng, low loss.
Bza: weighz azd ranei swucame, Tis 2ighly desirable o use piszoeisc=iz zaxsducers at low Tegueney rzmge and active noise

-..-_..L-
N bt s

Taers == Tw0 m2in Trodiems © de soived w0 appiy piezceisstic T==schsers I air acoustics and acSve zeise conmol. Cne
is far e <isgiacement must Se Susk Ixger Gan thar of Be somm—cn seTImmic 2cTiarers decmuse e radined acoustc smerzy
is proper=coal W B 2 square of 32 dspizcement ampiimads.’ Azctaer o= is that the accussc mpedmes shouid te marcaing
10 22 w0 sosie an eSactive accusts Jow Sem the Tanscrcsr o Re madim

A=cog ..iI e pieseiscTic zcmuarers, bimorph type acmizeors gememmes De largest displacmmemr (fp dispiacement).
Sowever, == d.s-zac-.‘eztssnﬂ.,ctzg:-nou,nm be uzsed in air accusdcs at low Sequancy rnge. In this paper, 2 gew
o of piezseiesTic Tansducer tased cn S22 iden of bimorph-cased double ampiifer stucars is pr:sc:::". Tae displacement
g:::.-z:.-:: v the doubie zmpiifer sucore cm be mors thax te= mes larger than the dp dispiacerzess of bimorphs. Tae
acsuste fmpedancs matching betwesn 22 s Tansducsr and afr oz be ctminad Sy carefuily cloosing te cover plate (aczve =)
—areriais znd i zecmemic confgurarors. As a result of these aow dasigmsg, e wansducer is promising ©© be used in acdve
meise ceoT=i 2s 2 scund Tmsmimer. ‘

l'|

2 DESICN 3°TN(CTRT IS .

Tze tasic sonfguration of the bimorsa-based double ampliZer sTucs== is shown in Fig. [. The stusnre mainly consists
of two sz=ilei bimorphs with 2 cved (miangie shape) cover pizzs as az active e amched to the twop of the bimorshs.
Iizher dispiacement is achieved by ciamging the tp displacs=e=t of Stmcrgias o 2 flexural moten of ke cover plate. That
is. wiem t=e bimorphs vicrats herizsazlly, the cover pize vicrazss verZcaily with larger amplinuds, Fig. 1(b) s the
schemzzic of the dispiacement of 3s Sver plars and birmorgh zctzarcrs. From the geomewis comsideraton, the verdcal
Eisplacsment of (e middle point on e sover plate can be described as:

pa3 / 5215 Vel 277 53194.2092-1/96/56.00




Ther=fore, S= 2o @
2g
St
and, c= e 2 ()]
This is why the displacemezt of &2 cover plate is much larg ke tp dispiacement of bimorphs.

Shown in Fig 2 is the wansézes constructed from the bimorph-based double ampiifier squczre. Instead of two paraile]
bimarpas, two paralle bimorpa zwzys are used hers and the cover piats is fixed on the wop of the bimorph arays so thar
large= radiarion area is obuined Loudspezker paper is chosen as the cover plaze because of IS excellent mechanical and
acoustic properdes and light weighr. The other two lareral fzces wers also sealed by loudspeaker papers 5o that the gansduces
< work effectively 2s 2 monopois souree.’

point A

bimersh amay

ipactve lateral face

\ suosTas

Fig. 2 Configuration of the Deoutle A=igpiifier Transduess

!l

S SAMELZ ORTDARATION ANTD MTAST RIMENT TECHNIQUE

Bimerph acators can be opereed I series (the poling direczions of == two piezoelecTic plates are opposite) or in parallel
(the poling directons of the two piezseiscic plares are consiste=t) conZzurarions. All the bimorphs used in this paper are in
parailel sucwre. They are mads Som 1 kind of PZT SH type piszoeisc—ic marerial’ and the dmemous ae 20.0mm X 7.0
X 1.0mm. Tae loudspesker caver is Som Nu-Way Compazy wits e hicizess of 0.56mm.’ The experiments we=
conduczed kot on the double amciler sTucnmes and the Terscucsr. For- the double ampiifier swucawe experiment, the
bt=crphs ar= mectanically clamped it one end, and the cover pizre is Zx=d on the top of bimerpis by super glue. The
displacement of middle point and €p romt are measured by using ML 2000 Fatonic Sensor’ under quisistatic and dynamic
conditons. Fig. 3 is the schemaric &awing of the measursment se=sp. Ta= rescnant fequency of the sTucare was determined
by zm HP-$194 Impedames Apalyzer. For the mansducer smudy, the bicrpi amrays were fixed I the slots on the plastic
subsTaze by super glue The dispiacszment ut the cenmal point (pou:t A Iz Fig. 2) of the cover piare and at the intersection
point of e cexmal line and edge of &ie cover plate (poinr B ir Fig. 2) was measursd The saundprsure level of the
Tansduess was also studied in an anssksic chamber by using B & K 4135 type condenser micophene.” In measurement, the
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transducer is baffled in a large rigid plane and the measurement points ars on the axis which goes through the cznmral point
and perpendicular to the subsgate as shown in Fig. 4. The distances betwesn the measurement points and the cental peint
are 5.0mm and 1.0m respectively, The former simation is called near field and the laner is far field.®

Sample

Opdcal
Fber Senser

Power Function
Amplifier " Generator
Oscilloscope
Lock-in
Amplifier

Fig. 3. Schemaric Drawing of the Displacement Measorement Seap

anechoic chamber

Fig. 4. Schematic Drawing of Scund Pressur= Level Measurement Sexp

41

measures soint 2
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Thae depeadencs of the middle point dispiacement and armziiScaricn Scor on the height of the cover plate was evaluared
under quisistaric condition (&riving frequency = 1Hz) for the double armplifier soucames with L = 50.0mm and 60.0mm (se=
Fig. 1) respectvely, and the results were presentad in Fig. 5. As the height of cover plate g decreases, the middle point
displacsment imcrsases first, and then decrases. The largest displacement was cttained when the distancs berween bimorphs
was S0mm and the height of cover plate was 1.0mm. The largest dispiacement can reach  450um (0.450mm) with a driving
voitage of 100V (peak-peak value). Fig. 5 also reveais thar the zmplificarion fcwr always increases as the height of the
cover plate is reduced. The amplification factor can reach more than ten easily. When the driving voitage is 100V (peak-peak
value), the tip displacement of the bimorphs without loading is 37.63um, which is called free tip displacement.” Henes the
middle point displacsment can be more than ten times larger than the == op displacement of the bimorphs. Fig, 6 shows the

SPIE Vol. 27171 397




lacement of the middle pomnt 25 2 imction of the driving voltage. The displacement of the middle point ncreases almost
meariy wita the driving voltage. [t is expectad that the displacement of the middle point can reach about 1.5mm when the
driving voltzge is raised to 500V (pe2k-peak value) or 110V (rms value).

-
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Displaccment of Middle Polnt (jim)
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4 Disgizcement L=50mm e Dispiacement, L=50mm

e ArpiiSzaden facror, L=30mm e e A imiificarion facior, L=Xmm

Tig. 5. Displacement and f=rsiificarion Facior of the Double A=piifisr Squcnrs (f=1Ez Vp-p=100V)

Zzuatorns (1) w0 (4) show hat T2 2iddle soimr displacsmerz should afways incrsase as the coverpiate height is reduced,
so dees the xzpiiScaton foxr owever, wien the beight of Ee cover siare decrases, the efecsve lcading of the cover piars
wil persese, andalzrg::m.s--ﬂ-"to _push the cover pizze. The reizronship betwesa he gmemared fixcs and tip
displacem ey of Tmorph can e dascsed as™”

W3y i wlT
F_Y,. w ds,2°E

a’ = I - ®

whers Yo is Young's modules of serzmic marerial;
d;; is piezoelecTic consamt of cramic material;
w is widza of bimorzh:
E is arpiied sleczic dsid

Whez 2 larges Zyce is gesded, the Sp displacement of bimorpe will recuce. Thersfore, when e height of cover piate
decreases here are two compesng Sors which influence the middle poinr displacement of the cover plate. One is thar the
middle poinz dsplacement will ncrease 2csording 10 the geomenic reizicuship, so does the anplificarion facoor. Another one
is tear the Zp displacement of bimersh will desrsase, which will reczcs T2 middle point dispiacement. Thersfore, there is 2
opdmum point whers the maximas vaiue of the middle point displacsment is obmined. However, the amplificaion factor
will always mcrsese when the cover piare height decrsases as long as ke geomewmic reladonship is valid. The similar
sizmartion will karpen when @e distmes berween the bimorphs is ctanged,
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The op dispiacemment of bizorphs, the measured displace=
middle point according to egzarion (1) ars presentzd m Fig. 7. The dp dispiacement decrwases rapidly when g is below
1.0mm for L = 50.0mm and [ Szm for L = 60.0mm, whick resuits madmemzhemxddlepom displacement. When g
is larger than 1.0mm for L = $0mm and 1.5Smm for L = 60mmm, thers is no buckling of the cover plate sincs the calcuhmd
middle poinr displacement is azarly the same as the mezstr=d vaine. Below these vaiues buckiing of the cover plate occrs.

t 2 ispiacemert 2nd sound preenizs laval

Besides these two factors, ters is an addidonal fac=or should be considersd is the buckling of the cover plate. If the
buckling of the cover plats hacpens, the geomemic relationship (eguation (1)) will not be hold, and the middle point
displacement of cover plate will become smaller. .

ezt of the middle point, and the calculared displacement of the

The dependence of the rescname frequency on the heighr of the cover plars is shown in Fig. 8 for L = 50.0mm and
mﬁm:mmnmpﬁﬁammcovepiammbcmdzedasmeﬁm mass Jcading atached on the top of the
bmmm&mmam&qumqofﬁebmmhm As the heighr of the cover plate decreases and
the diszamcs betwesn bdimorphs moreases, the efective loading of the cover plate incrsases, resniting in 2 decrease of the
resonamt Srequency. This is consistenr with the experimezral results,

lm » l 4 ‘ . + - ‘ [y L) 1) . ¢ b b & ‘ 1A EEERY
&0
-
T %0~ 3
g
N 3
3 We <
I ]
£ ok -
3 r 4
2 < 3
00 = 3
"
160 KF . ] r [ , b 1 B i
0] 1 2z 3 4 3 §
Esighr of the Cover Plare (mm)

g. 3. Resonant Freguensy of = Double Amplifier Sxoszre

The reizfcaskip becwesa the dspiacement mnd frequaney is showm o Fig. ¢ fr L = 50.0mm. g = 1.0mm. From the
cor===rison of the dp displacemezs of bimorsis, the calcalared displacement of middle point, mddzemmad displacement
b micdle point, iz can be concludsd tat e cover plate can keep s shape Jom buckling during vibraton in the fequency
-zn.g-u::..oamu‘womsct:hemz:su_.cy,dm.s,ﬁ:zmséxc:::nwcrk-ﬂ'mexym&emcv range up 0
e twa tmes of te resonant feguescy.

of *he double 2= T ar —=modnees

/ SPIZ Vol. 2717

Basad on the experimental restis amd amaiyses of the double amplifier ssucdzes, the bimoreh-tased double amplifier
b sézemr was consoucted. The dimensions of the ransducses ars:

the dismanes berwesn the bimeorpzs L = 30.0mm;

the keight of the cover plate g = I mx:

the wictk of the bimorph amays W = §0.0mmx;

the height of cimorphs h =
[herefors, this Temsducer can be axpesad 0 work effecsiveiy Tp
lctve noise con=Tl

180z
1000 Hz, which is the frequency range desirable for the

I
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The dapendencs of the dispiazement of the point A and point B of the cover plate (see Fig. 2) on frequency is shown in
ig. 10. Due o clamping effest of the two lateral faces wiich ar2 made of loudspeaker paper and are inactve, and dus to the
Ioac.:'-‘-g effect of the air I the ciosed chamber of the Tamscucer, the displacement of pomt A is some smaller than that of the
middle poine displacement of &2 double amplifier sTucmze with the same L and g values, and the displacement of point B is
smaller than that of point A, twt the displacement of e cover plate is stll much larzer ton the dp displacement
bimorzks. The height of the peak in the resonant frequency also becomes weaker and smooth due to these clamping and

loading efecss.

Tae Sequency dependencs of he sound prassure level (SPL) was presented in Fig. 11. The SPL of the near field can be
larger ©an 90dB in the frecquesy rnge fom 50 to 10COEEz, and the largest value can reach more than 150dB. For the £r
faid, the SPL can reach more tan 80dB when the frequency is igher than 200Hz, which is suiable for active noise conrrol
Larg=r SPL vaiue can be asily sorined by increasing the wicth of the bimorph arrays. Another gpproach to get larger SPL
vaiue is 2 conswuct the ransdies with multi-double ampitfier sTucmwe, as shown in Fig. 12 ‘

CONCT.IISTON

Bimcrph-based double ampiifer szuctrs and the manscnesr based en this stucnxe have bem constructed and smdied in
this paper. It was demonswated Szt with reladvely low veizge, e dispiaczment of the active fce cam reach millimeter scale, -
whics is mere than ten tmes larger han the dp dispiacermems of bimerphs. The sound prassare level of the piezoelecic
tzmsdnosr o be larger than $0G3 (aear Seid) betweez S0 = 1COCEZ and 30dB (&r field) berwesz 200 1o [000Hz And the
largess veiue = reach 130dB (zer Jsid). Becanse of i lght weighs znd panel sguczxs, i s potential to use this new
piezoeliscTic air Tansducsr in acTve 2oise sonmol

As e Sstresultof e bi:c:'ﬂ-?:ase; double amplifer T==sducser, ixrte mprovements & smscucer pe:"cxmznce z=
expes=< using improved matsiaic od design. Instend o Simormk, some other cIEmic acmaors such as unimorph of

alelolefmedorymiviiacael aiso be used iz S doudis m.m.e. Tuse—e 2nd Tosduesr design,
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Bimorph-based piezoelectric air acoustic transducer: model

V.D. Kugel *, Baomin Xu. Q.M. Zhang, L.E. Cross
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Abstract

A new zvpe of bimorph-based piezoelectric air transducer with the working frequency range of 200—:C0) Hz has recently been developed
[B. Xu. Q. Zhang, V.D. Kugel. L.E. Cross. Piezoelectric air mansducar for active noise conuol. Proc. SPIE. 2717 (1996) 3883981 In the
present wwerk. basic acoustic charactanstics of this device and its piezoelectric ziements are analyzed. To modef the vibration spectrum of the
transducar. 1 one-dimensional approach is developed whers inertia. 2lastic 2and damping forces are mC'uu=cL Analytical equations describing
mechanicai vibrations and electncai impedance of piezoeizctric bimorpn cantilevers under extemnai ioress arz derived. [n order to describe

vartous icsses in the transducer. complex piezoelectric. dielecic. and ¢
with 2xpanmental data. The suggssted mede! can be used for devics optimizzdon.

Kevwores: 2izzoelectricity: Plezoelectric transducers: Bimorph: Air acoustics

iastc constants are used. Resuits of the modeling are in good accord

© 1998 Elsevier Scrence S.A. All rights reserv 2d.

1. Introduction

Pizzceizctric ceramics offer many advantages as sensors
and =crzzrors. Relatively hign coerficient of electromechan-
icai cousiing makes it possibie 0 use the material in ultra-
sonic Zavices and iweeters. However. in low frequency
apriications such as air acousucs. a larger displacement is
orten razuired. which is far beyond the range reachable by
ceramics materials. [n order to overcome this problem. anew
tvpe of >imorph-based piezoeiaciric transducer has recently
be=n suzgasted (1]. The main peculiarity of this device is
that thrcugh a double amplification scheme a large displacs-
ment can de generated which makes it suitable for acoustic
appiicat:ons at low frequency such as from 200 to 1000 Hz.
[t has be=n demonstrated that the device can produce a sound

“prassurz level of 90-100 dB which makes this device very
atractive for active noise control and a flar panel acoustic
sourca {1 ].

The purpose of this study was 1o develop a model capable

of characierizing the vibraton behavior and structure-per-
forrmancz relationship of this transducer. The paper is struc-
ture< as ollows. [n Section 2. an approach that will be used
to descide this bimorph-based piezoelectric air transducer
is discussed. In Section 3. analvtical equations. describing
mechanical vibrations and the slectrical impedance of piezo-

= Curresconding author. Present address: Intel Israet (74), Mail Stop [DC-
3C. 2.0. 3ox 1639, Haira 31015, Israei.

eleciic bimorph cantilevers. ure derived. In Section 4. cal-
cuiation of various forcas xcing in the transducer is carried
out. Results of the devicz mcceiing and comparison with

Ve

Section 6 a summary ang corciusions are given.

" excerimental data are presentzg in Secrion 5. Finally, in

2. Model

The piezoelectric transducsr 0 be analyzed consists of
two arrays of piezoelectric simoerph cantilevers bridged bv a
curved diaphragm (Fig. 1): inactive lateral faces are covered
with non-radiating plates. The Ziaphragm serves for acoustic
matching: it amplifies the tip dispiacement of the cantilevers
and it increases the sound-ermitting area. The amplification
factor K, is defined as the ratio of the displacement of the
diaphragm apex 7, to the dp displacement of the bimorph
cantilever n(/), where [ is the cantilever length (Fig. ). A
tvgical amplification factor les in the range of 510 20. In a
current design. the bimorphs are made from soft piezoelectric
ceramics PZTSH (Morgan Maroc) and a loudspeaker paper
is used as a triangular-shaced diaphragm. Experimental
results demonstrated that. if the amplification factor is less
than 10 and the length of the diaphragm is less than 30 mm.
the diaphragm can be consicered as a rigid plate without
buckling at frequencies below 300-1000 Hz. Therefore. for
caicularing vibrations of the diaphragm the quantities to be
avaluated are: the displacemeant of the moving end of the

0921=227 38/S - see front matter & 99§ Elsevier Science S.A. All dghts reserved.
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Fig. !. Schematic view of bimorpn-based piezoelectric air transducer with

double amplirication.

cantilevers and the amplification factor. It is clear that the
interaction berwesn the diaphragm and piezoelectricelements
is through the forces acting in hinges for the diaphragm
fastening (Fig. !). We will assume that the transducer is
constructed in such a way that in the working range of fre-
quencies the load produced by the diaphragm acts evenly
along piezoelectric driving elements of both amrays. i.e.. force
variation through piezoeiectric arrays is neglected. We also
will assume that both arrays are equivalent. Under these con-
ditions. vibrations of the ransducer can be analyzed from a
one-dimensionai model. Moreover. because of the symmetry,
it is enougn to consider a single piezoelectric element with
the corresponding part of the diaphragm (Fig. 2).

In general. 1 ~ibrating diaphragm generates several types
of mechanical rforces acting on the bimorph: an inertia force

'

R Y

Fam

X

Fig. 2. Diagram of :=e forces inciuded in one-dimensional model. P denotes
the vector of sgontaneous polarization in the piezoelectric bimorph
cantilever, ’

F, thatis created by the motion of the mass of the diaphragm.
elastic forcas F, thatare caused by stiffness of the airenclosed
in the cabinet and the stiffness of hinges. The last force is the
air damping force. F,,, caused by the acoustic radiation. The
force diagram is shown in Fig. 2 where R, and R, are the
reaction forces and F i, is the force generated by the bimorph
cantilever. which drives the diaphragm. Inroducing Foum
makes it possible to separately analyze vibrations of the
bimorph cantilever and the motion of the diaphragm. In the
model. it is assumed that the hinges for the diaphragm fas-
tening generate an elastic force onty.

3. Analysis of piezoelectric bimorph cantilever

To define bending vibrations of the piezoelectric bimorph
cantilever. the 2quations describing vibrations of the neumal
surtace 7 of the vibrating beam are used [2]. In the case of
the piezoelectric beam. the neutral surface is defined in such
a way that any extension strain, even if allowed to exist there.
does not contripute a bending moment {2). For uniform sym-
metric bimorpns ¢ in which the thicknesses of two piezoelec-
tric plates are 2qual). the neutral surface coincides with the
piane of symmeatry, which is perpendicuiar to the Z axis (Fig.

2). The =guarions for bending of uniform svmmetric piezo-

clectric bimorgn beams with rectanguiar ross-section can be
written as § Fig. 2

s EEE) ) - . .
S, = =z, Mecnamcal strain of the neuwr siane lescading bending {27,
gV

S =55 T, =4y & =4 <25k Piezostectrsic consuttve syuation.

: (A - R " . .
E.x - —, )<z g Siecue tield across dimorsa vt samile! connecuon.
1

,
E:z=. =-n<z:g0.
n

: (D

where S. is the mechanical strain along the Y axis. 5%, is the
mechanical comptiance. T is the mechanical stress. da, is the
piezoeiecuric coerficient, £ is the sleciric deld across the sam-
ple. U is the appiied voltage. and 2/ is the bimorph thickness.
A coordinate system XYZ is chosen such that this plane passes
through =0 and the bimorph cantiiever is clamped at y=0
(Fig. 2). The translation force £, that causes the displacement
of the neutral olane in the Z direction « Fig. 2) is [2]

F=Lgy - 2

ay

B

where F, is the internal shear force along the Z axis {2}:

F=-X (3)

ayv

where M is the intemal bending moment along the X axis:

M=- f } <Tadxds (4)

CTOsS=rcclIoNn
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By using Egs. (2) and (3) the law of linear momenmum
conservadgon. i.e., e,

a-
Fo=p(2hw)dy =] (5)

where p is the density of the bimorph, w is the width of the
bimorph beam. and 2hw is the area of the cross-section of the
bimorph. can be wntten as ' -

M 32
- == =p(2hw) ?" (6)

~
AL -

Substitution of 75 from set (1) into Eq. (4) yields

e 220 (7

: sk oy %

Thus. one can see that in the case of the symmetrical bimorph
beam the external electric tension generates a pure bending
moment oniy. Substituting this expression into Eq. (6) gives
—_———==0 &3]

To tind a solution of Eq. (8) the following boundary condi-
tions shouid be used [3]:

J. 2wt ¢°n Uwhds, B ' (9)

where M., is the xcomponent of the external angular momen-
tum appiied aty=/and F., is the ; component of the external
force acting at the vibrating end of the cantilever. In our
derivartions. the effect of forces acting along ¥ and X axes
was negzlectad. Before procesding further with calculations
of forcz F, for the transducer under consideration, a general
expression for vibrations of the piezoelectric bimorph canti-
lever under the applied voltage and external forces will be
derived. If the harmonic electric voltage U= U e’/ and
external forces F,, =FMe/“ applied to the cantilever are lin-
ear functions of the displacement. the displacement of the
cantilever can be written as 7= n,e2’/“ where w is the angular
trequency. Therefore. Eq. (8) can be written as

n. . .
L (10)
3y
where

Jwtst
A= TR (11)

The solution of Eq. ( 10) with boundary conditions given by
Eq.(9) is

3 duylUn IAFD . :
LS R {cosh({Al] +cos[Al}) - 3 Vg (SiAA{A] +sin[A])
Tm=3

1 +cosh{Aljcos( ]

X (cosh[Ay] —cos{Ay])

3 dl'!Um . . 3 éF:
L3 m—;( -sinh[M] +sin(A]) -Em(cosh[/\l] +cos{.\])
2 1 +cosa{M]cos{ ]

X (sinh(Ay] =sin{A]) (12)

The resonant frequency v, which is determined from zero
value of the denominator in Eq. (12), coincides with the
resonant frequency of a free piezoelectric candlever:

cosh[Al]cos{Al]=~1 (13)

In the low-frequency limit (A/ —~0) Eq. (12) may be rewrit-
ten as

] vV EFR 2P -6
r’ms-dZ‘ZUm (2}1) W (2}1), (14)

In most practical cases the extzrnal force F,, acting at the
vibrating end of the piezoelecTic cantilever (y=/) is acom-
bination of linear damping, inertia. and elastic forces. For
harmonic driving voltage (.,2-* applied 1o the cantilever
these forces can be expressed by

FI=Knn(D (15)

wherz K is 2 complex coetficiant. As will be shown later. this
coerficient is directly related :0 the mass (inertia forces).
spring constant (elastic forces). and damping coefficient
{ damping forces) associated with the applied external force,
Substitution of the force ampiitude from Eg. (15) into Eq.
i 123 oroduces aty=/

3 dlls,

Ty [} M 7
-

A sinaf i sinf M1

< —
¥t 1 =cosh{Allcos(M]) = = == - zosn{Allsin{ ] —sian{ Allcos(A])
-

(16)

By using Egs. (12), (15) and { 16}. a general expression for
T 1S 'vritten as

3

. 34K -
A'(cosh{ M] =cos{M]) = = == (sini[ M] =sin{Al])
2w

R

o 38K
W't =cosn{Allcos(M]) - 3 %-_casn(.\l]sin[,\l] ~sinh{ M]cos{A{])

~ ( X l (‘ ]
X tcosn{ Ay} =cos{Av]) + = ===
A

A =sinh{Al] +sin{A]) = i f:-"_;(cosh hR{ MY =cos[Al])

« T
A't1 =cosh{Al}cos{Al}) ~ % ﬁ‘(-‘cosn[.\l]sin[,\ll -sinh{Ad]cos(Al])
wit'

<1 suﬁx(.\y] ~sin{Av]) (17N
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Eq. (17) reveals that the external force of the type (Eg. ( 15))
changes the resonant characteristics of the vibrating cantile-
ver. If the piezoelectric material has no losses and the external
force does not tend to damp vibrations of the bimorph can-
tilever, t.e., X is real, the resonant frequencies may be cal-
culated from the following equation

A(1+cosh[Al]cos{Al]) - zi-f(cosh[/\ll sin{ Al] 7
2 wh
—sinh[Al]cos[Al]) =0 (18)

Apparenty. the amplitude of the tip displacement is equal to
zero when sin(Al) =0 and the value of the corresponding
frequency does not depend on external loading. It can also be
shown that the lowest frequency of the zero vibrations is about
2.8 times higher than the fundamental frequency of bending
vibrations of unloaded cantilever {4]. In the low-frequency
limit. Eq. ( 16) may be written as

3 deals, 12
(D =35 L KO (19)
- wh?

where K(0) is the low-frequency value of the force coeffi-

cient (Ea. (13)). : '

To calculate the zlectrical impedance of the piezoelectric
bimorph cantilever we will start with the piezoelectric con-
stitutive equations:

{ Sa=s3T-~d;=E; —h<:-<h (20)

Dy=dT:— &35,

where D, is the component of electric displacement along the
Z axis. Using the drst equation in set (1) and Eq. (20). one
oouains

D= ‘:‘."T'f'(é"zs‘&)Es (21

Total charge on the surfaces of the bimorph (2= % h4). Q,,
can be written as {31: '

- .-

= “ Ds(h)dS+ H D5( —h)dS

3

electroge surrace electrode surtface

Substituting Eq. (21) into Eq. (22) gives

L dx2 5n an
=2—=hn| —— —
T oy ., v,

(E3(h) =E;( —h))dxdy

electrode surface
(23)

Electrical current through the bimorph can be written as

299, _. '
[= o Je2. (24)

wf . & 3
'Ya;;w_:x(é-!)-;[l——
1 X i3

and the electrical admittance of the bimorph using boundary
conditons at vy =0 (Eq. (9)) is

Y=jw Zé';:.—:'hw_an —(e{—%)

*332 OViyay

{
X ” (Ex(W) = Ey(—h))dsty -

¢lectroue swrace
(25)

Using Egs. (1). (17) and (25) one obuains

M

Py

cosh[ \1sin{ A1 =sinh{ AlTcos[ A/} +B(cosnl Mlcosf A= 1)
1 =cosn{Md]cos(AM] = B(cosh{Al]sin{ ] —sinn[Al]cos{Al])

LS | (26)

N
3
A3 - —
2 wa'\’

At frequencies far below the fundamental bending resonance
and without applied externai force ( X =0). the expression in
parentheses in Eq. (26) reduces © ey ([+(1/2)(d%/

&i;54=)]. Thererfore. for PKIS30 ceramics. as foilows from
Table 2. :she corresponding impedances should increase by

"~ 3% as compared 1o that for the buik material with the same

dimensions. [nstaad of that, the experimentai value for the
bimorpn strucure was by 6-8% lower than that for the bulk
materiai. The r2ason for this is that in the theoretical calcu-
lations an approximate electric field ( Eq. ( 1)) was used and
the 2rfect of bending along the X axis  Fig. 2) was not taken
into account.

4. Calculation of vibrations of the piezoelectric
cantilever loaded with the diaphragm

To evaiuate vibrations of the piezoeiectric cantilever
loaded with diapiiragm ( Figs. | and 2) by means of Eq. (16),
the external mechanical force F,, acting on the vibratung end
of the cantilever along the Z axis should be determined
(forces acting along the Yaxis are negiectzd). This force may
be calculated using the laws of angular and linear momentumn
conservauon { 4] for the diaphragm:

rX(R,~R;=F,u+F,) + rXF. dv+

diaphragm

f rXdedS=§; f (rXpvidv

diapnragm diaphragm

R-.,"R:"Fpusn‘:'Fel*' J FidV -+ J’ FymdS

diaphragm diapnragm

pavdV (27

daparagm

g
dr
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where v(r) is the diaphragm velocity. Assuming tharthe

thickness of the diaphragm is small with respect to its lengtin.

volume integrals in Eq. (27) can be transformed to surface
integrals. The air damping force (surface density) Fy,, can
be written as [7]: :

Fyn=—k.,v (28)

where &, is the damping coefficient depending on the shape
of the transducer (it is directy related to the acoustic impe-
dance of the transducer [7]). By substituting various quan-
tides. the set of Eq. (27) in X'Y"Z’ coordinate system can be
ransformed to

wli . de
Fousn=Fa=Ry +k,,—£—dsm qa;

- 2 2
gwily | do N do .
=—py—0 sin (p?-.-cos o[—] Z axis

2 dr
. wli do
Ri—Pn—& T coser

- . m
tawls de . de {~ _, .
=p, == cos <_aE_-:—smc; - Y’ axis

2 dr
: P Cwllde
R, sin c—R. cos @+ 7 cos g:—xv-g—d-d—:
: raowld d2o )
= — g, = — X’ axis 29)
P TR (

whers P, s the weight of one haif of the diaphragm with the
width 'v. 2nd ¢ is the angie between the diaphragm and Z’
axis (Fig. 2). From the set of Eg. { 29) one can solve for the
magnitude of F,, acting along the Z° axis:

F. 1 ., 1 de
Foun=—"tm o+ ~hkwli~

3

Fpusn=—kaush (30)

where k is the unit vector along the Z axis. The right-hand
side of the frst equation in Eq. (30) is the external force £,
actng at :he moving end of the bimorph cantilever paraile}
o the Z axis since, according to Newton's third law,
Fe= —F.u, and the Z and Z' axes coincide. Clearly, the
externai force £, is a non-linear one in a general case since
cme and sine are non-linear functions of ¢ and. hence. dis-
placement . For an air acoustic ransducer it is desirable to
work in a linear regime when the amplitude of the diaphragm
vibration is much smailer than the diaphragm height A4 (Fig.
1). In this case:

ctn "—75.7_ = —

Actuarors A 69 (1998) 234-242

=- (31)

The displacement of the diaphragm apex 7, is
77d=Kamp77(1) : (32)
We also assume that the elasdc force is linear:
Fu==km(D) (33)

where k,,, is the equivalent spring constant of the air enclosed
in the cabinet and hinges (Fig. 1). Thus, as follows from Egs.

- (30)=(33), F., can be expressed as:

Fin 1 dT] . d.:T]
Fex-_-Kmp—,’:- - gKfm’(kVWL“ﬁ ,—pdtdw[.dm)
—ksprn(l) (34)

Since. for harmonic excitation. the tip displacement of the
bimorph cantilever can be writt2n as ¢/, Eq. (34) can be
rewritten as:

Fi, : Lo,
F.. =K1mp—7— =Nl e’ (_ éK;ms’(k"WL"jw,

(V3]
in
~—

—pﬁtd“/l'dw:)_kspr) ‘ (

The drstterm in Eq. (35) produces constant deflection only:
thersrore it can be neglected ia calculations of the spectrum
of ~ibrarions. In comparing Ecs. { 13) and (35). one can find
coeriicient X in the expression of the tip displacement (Eq.
(161):

L, .
K=—(:K;mp(kvadjw—p:::wL1w')+ksp,) (36)

\ -

Thus. vibrations of the bimorch cantlever and diaphragm
can be calculated by means of Egs. (11), (16), (32}, and
(36,

5. Results of modeling

The strategy in calculating the spectrum of the diaphragm
viprations was as follows. Inidally, the slecromechanical
properties of the piezoelectric dimorphs were determined by
excerimentally studying characteristics of the ceramics and
vibration spectrum of unloaded piezoelectric bimorph cand-
levers. Then, these data were used to calculate the vibradons
of the cantilevers loaded with the diaphragm. Since the equiv-
alent spring constant kg, of the air enclosed in the cabinet
and hinges was unknown. its value was determined experi-
mentaily by measuring the dizphragm vibrations at low
frequencies under the assumpdon that k. is frequency inde-
pendent. As follows from Egs. (19), (32) and (36), the
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magnitude of low-frequency vibrations of the diaphragm
apex is directly related to the spring constant:

h

w

3 Ly 1
=z "-‘L"ﬂ - am
Ma= 34 (n) . s:“::/cm(i)JK ’ 7

To determine the damping coefficient k.. it was assumed that
the vibradng diaphragm behaves as a barfled piston (7]:

Qovrglt 16 wr,
kv"—palr‘-.u [ C _JE- ?.2) (38)

where g, is the air density, c,, is the sound ve!oéity in the
air. v is the rrequency. and r.q is the equivalent radius of the
transducer dizpnragm with the area A = 2L, wy, = VA/m.
Thus. the procsdure described above made it possible to
derermine 2il parameters essential for calculating the vibra-
tion specum of the transducer. Characteristics of the dia-
phragm and piezoelectric bimorph cantilevers used in the
transducar ara given in Table ! [1]. It is important to note
that compiex piezoelectric, dielectric. and elastic constants
of the ceramics used in the bimerpn cantilevers should be
determined “or including losses in the piezoelectric elements.
Sort :ne’ teczric ceramics were used for the bimorph fab-
ation [ 1. [t {s known that electromecianical properties of
the:e "1e*~e e:::'.. bimorph cantilevers ire highly dependent
on the magnitzda of the applied electric 3eid [8]. Calculated
electromechan 1::1 coefficients of PZTSH ceramics using data
of Rers. [8.97 {or the eleciric field £=0.71 kV/cm rms are
shown in T2acie 2. Frequency dispersion of these coefficients
was negiac:ag in the device modeling sincs it was not signif-
icant in e requency range of intzrast. The calculated
vibration specwum of the unloaded dimorph cantilever is
shown in Fiz. 2. The resonant frequency 2t0.71 kV/cm was
v.=1 OJ-L =z and the mechanical guaiity factor was Qn, =
1

Hz
10.1. At smail 2iectric fields (E£<0.01 XV/cm) the corre-
spondin g sarameters v, = 1167 and Q. =33 were the same
as the experimenal data {1]. It shouid be noted that the
vibr:mo ..‘_.utude at the resonancs and. consequently. Q.

depend on :he mechanical losses. Using notations d ;5=
e 7 and s& =ls&le”% and Eq. 1 1), Eq. (16) under

Tabie |
Diaphragm and Stmorph cantilever characeernistics

8

8

JUSUONS VUSRI B TN SO SN

E=0.71kV/cm

¥ip Displacement (jun rins)
]

8

b

It

B

o

‘2 200 400 600 300 1000 1200
Frequency (Hz)
g. 3. Speczum of mechanical vibrations of unioaced piezoelectric bimorph

cantifever.

conditions & =0 ( the unloaded bimorgh) and 84,6, — 0 (low
losses uwanssorms to:

. - Wy =n /2
dis U Mm%

Tmil YRWE
Tmi )a h_ll\l_

v

sinn. A sind A = fA = (coshisin: AL = sinl Afcosi ALl

X
: LA L. o
i =cosa. adlcostMl +jiAll :(CDSﬂ'.u sl =sinhl AMdlcosi L)

(3%

whers 9, is the phase of the piezceieczic coefficient ds. and
B, is the chase of the mechaniczi ssmpiiance s5. At the

3

fundamental frequency of bending vibrztions (| All = 1.875),
Eq. (39} gives:
. l : 089 e o l=d,=). 160
'([)—'L—\(‘,h) ld}ﬁl s . = 169,) (4‘0)

Thus. the amplitude of the resonant displacement of the
unioaded cantilever is inversely prorortonal to the phase of
the mechanical compliance.

Paromerers of =2 loudspeaker paper diaphragm

Dimensions of the siezceizcic bimorph cantilevers

hyimm) L, {mm) w, (mm tg (mm) 24 (gicm’; { (mm) w2 2k (mm)
28 23 63 0.59 Q.53 18 3 1.0
Tabie 2

Magnituce 2f =:2cromechanical coerticients of PZT3H for £=0.71 kV/cm

&3/ & dis iU VY S& (m*/N)

3770 00.697<5.573. 3337 1073(0.996-0.091/) 30.3 % 10~ '%(0.996-0.083/)
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The calculated vibration spectrum of the diaphragm apex
is shown in Fig. 4. The magnitude of the equivalent spring
constant (N/m) shown in Fig. 4 is for the width of the part
of the diaphragm w driven by one bimorph (w=35 mm).
Clearly. at the low loss limit the value of the resonance fre-
quency derived from the model does not depend on the losses
of the equivalent spring constant and it reproduces the exper-
imental values v, =550 Hz. Nevertheless. only complex kg,
can it the amplitude of the diaphragm vibrations at the res-
. onanca. These results indicate that the elastic force caused by
hinges and the air enclosed in the cabinet has losses. Thus,
the modal developed is capable of describing basic charac-
teristics of the vibration spectrum of the transducer.

As se=n rrom Fig. 4, the width of the experimental peak is
narrower than that of the theoretical ones. This may be caused
by an increase in the amplification factor of the diaphragm
{Eg. ( 32)) around the resonant tfrequency that was observed
experimentally. Nonlinear dependence of electromechanical
properdes 'on the level of vibrations may be another reason
for this discrapancy. The darta of Fig. 4 show that the model
does not Zascribe the minimum in the diaphragm vibradons
observad aear 300 Hz. An ¢xperimental study of the fre-
quency Zagendence of the amplification factor K.y, of the
diapnragm shows that the diaphragm has its own bending
resonancs xear this frequency. i.2.. itdoes not keep its shage.
Another zctor that can affect the diaphragm vibrations ar
nigh rraquencies is losses in the hingss.

The moedai daveloped makes itcossible to anaiyze mechan-
ical vicraons and sound pressure generated by the transducer
for varicus dimensions ot the diaphragm and piezoelectric
slements. “itration characreristics and cn-axis sound pres-
sure 2t e Jdisaance r=1 m for different thicknesses 2A of
cantievers and £=0.71 kV/cm are shown in Fig. 5. A com-
plex value of the spring comsiant &, =9500(0.916 = 0.4/)
N/m '~as used in the modeling. The sound pressure p of the
ransducar 'wvas calculated assuming that the transducer

/

benavas as 2 barfled piston [7]:

o

:73".101“.7:7‘1

(+1)

;= r
whers 7, {5 the average amplitude (mms) of the diaphragm
vibratiens. 7, =0.57,. The calculated value of the sound pres-
sure Jor Zh =1 mm is close to the sxperimental one [1]. It
shouid e zoted that the results of the model (Fig. 3) are
valid 7or :ne given equivalent spring constant only. As seen
from Fiz. I. the optimal value of the bimorph thickness lies
betwean ! and 1.5 mm. Clearly. the sound pressure developed
by the wzansducer sharply decreases below 300 Hz. Data of
Fig. 5 show that the resonant frequency of the transducer is
highlv decendent on the thickness of piezoelectric elements.
The mcdai developed also makes it possible to analyze
the chang= in the resonant frequency of a double-amplifying
stucture [il. The structure consists of two piezoelectric
bimorgh cantilevers bridged by a triangular diaphragm (as
in the air wansducer but much narrower in the x direction

expetiment & [\ E=07kVfem | -
800 1 model: i
K =9500(0.916+0.4) l‘
500 4 model: ~—=--- “
k=950 il
[ )

AN
TN\

Diaphragm Vibrations (jini rms)

0 200 400 500 800 1000
Freguency (Hz)

Fig. <. Comparison between experimental and theoretical magnitudes of the
vibrarions of the diaphragm apex.
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Diaphsagm Vibaions (P nns)
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Sound Pressume (1)
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]

200 00 0 800 1000
Frequency (Hz)

Fig. 3. Theoretical diaphragm vibrations and on-axis sound pressure at the
distance 7= | munder electric feld £=1.7{ xV/cm rms for different thick-
nesses of cantilevers.

(=]

and without non-radiating platas covering inactive sides).
Assuming that the spring conswnt and air-damping coeffi-
cient in.this structure are equai ‘o zzro. Eq. (18), using Egs.-
(11) and (36), reduces to

3 1 y My .
A’| L =cosh{a]cos{a] - SK"“"’;:- a(cosh{a]sin[a]

—sinh[a]cos[a])]=0 (42)

whers a=Al, my=Lywp, is the mass of one half of the
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Resonant Frequency (112)

Q " T " ; t
5] 1 2 3 4 5 8
Height of the Diaphragm 4, (mm)
Fig. 6. Theoretical and experimental dependences of the fundamental reso-
aance on the heignt of the diaphragm apex in the double-ampiifving stouc-
wre. Materiai of the piezoelectric bimorphs: soft piezoelectric ceramics
3205HD ( Motoroial.

diaphragm with the width w and m= 2hiwp is the mass of the
piezoelectric cantilever. As follows from Eq. (11), the value
a obrained ‘rom Eq. (42) is directly reiated to the resonant
freguency of :he double-amplifying stwucmre,

R
1

(W]

-~

l

N
I

(43)

4-
g

L
©

[¥F]

v 3s
Results of modeling and experimentai data for the structure
with 22=1 mm. w=7mm./=20mm. m=1.092 g, L, =25
mm. and m. =0.057 g are given in Fig. 5. As seen from Fig.
6. Eg. (437 describes experimental data for the apex height
above 1.5 mm. Below this height the thickness of the dia-
phragm. ;, =0.59 mm. becomes comrparable with the height
of the diapnhragm apex that can increase the contribution of
elastic forces and bending moments in the hinges.

6. Conclusions

In this work. a model describing basic acoustic character-
istics of the bimorph-based piezoelectric wansducer [ 1] has
been deveioped. A one-dimensional approach was suggested
in which inertia. elastic and damping forces are included. As
an integral part of this model. analytical equations describing
the spectrum of mechanical vibrations and electrical impe-
dance of piezoelectric bimorph' candlevers under external
forces wers derived. [n the model. complex electromechani-
cal parameters of the transducer were used to include losses
in the ranscucer. Results of modeling and experimental data
are in good agresment. The mode! can be used for optimi-
zation of the acoustic characteristics of the transducer.

7. Nomenclature

hy

[CY 3

u
2]
"

Cair
k,
Phair

< Ex S
w
[{)

height of the diaphragm apex

length of the diaphragm

width of the diaphragm

thickness of the diaphragm

displacement of the diaphragm apex

average displacement of the diaphragm
density of the diaphragm

mass of the part of diaphragm acting on
piezoelectric bimorph cantilever

thickness of piezoelectric bimorph cantilever
length of the piezoeiectric bimorph cantlever
width of piezoelectic bimorph cantilever
displacement of the neutral plane of the
piezoelectric bimorph cantilever

amplitude of the displacement of the neutral
plane of the piezoeiectric bimorph cantilever
amplitude of the displacement of the neutral
plane of the piezoe!lectric bimorph cantilever
at resonance

density of the piezoeiec:ric bimorph
cantilever

mass of the piezoeiectric dimorph cantilever
v component of the mechanical compliance of
the piezoelectric Simorgn cantilever
piezoelectric coerficient 2long the ¥ axis
phase angle of the giezcelactric coefficient da,
phase angie of the mechanical compliance s&
wave coetficient dascribing bending
vibrations of the oiezceizciric bimorph
cantilever

angular frequency

frequency

the fundamental traquency of bending
vibrations

angle between the diapnragm and Z° axis
imaginary unit

distance between the sound source and the
measurement point

equivalent radius of the diaphragm

sound velocity in the air

air damping coefficient

density of the air

sound pressure

coefficient determining the resonant
frequency of the loaded piezoelectic bimorph
cantilever

equivalent spring constant

time

rectanguiar Cartesian coordinates

unit vector along the Z axis

radius-vector in the X'} Z’ coordinate system
diaphragm velocity
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XYZ. X'Y'Z' Canesian coordinate systems v

A area of the diaphragm

E, ~ electrical field along the Z axis

D, electric displacement along the Z axis

I electrical current through the piezoelectric
bimorph cantilever

Kamp amplification factor of the dxaphragm

Q. total electric charge on surfaces of the
piezoelectric bimorph cantilever

Sa mechanical strain along the Y axis

U voltage across the piezoelectric bxmorph
cantilever

Un amplitude of the voltage across the
piezoelectric bimorph cantilever

Y electrical admittance of the piezoelectric
bimorph cantilever

F., elastic force acting along the Z’ axis

Fox external force acting along the Z axis

F3 amplitude of the external force acting along
the Z axis

F., inertia force directed along the ¥ axis

F, internal shear force along the Z axis

F, internal translation force along the Z axis

K - complex force coetficient

M internal bending moment along the Y axis

M. external bending moment along the X axis

F., vector elastic force

Fi, vector inertia force ( volume density)

Fin vector air-damping force ( surface density)

Fousn vector force driving the diaphragm

R..R, vector reaction forcas

P vector of spontaneous polarization
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Abstract - Bimorph based double amplifier actuator
is a pew type of piezoelectric actmation structure
which combines both bending and flextemsional
amplification coneepts. As a2  result the
displacement of the actuator ca be more than ten
times larger than the tip displacement of bimorphs
and can be used in zir acomstic transducers as an
actuation eiement., This paper studied the
dependence of displacement on actuator parameters
and optimum design issues (for the cover plate (the
flextensional part of the actuator) theoretically aad
experimentally.

L INTRODUCTION
Eow to ge=: iarger displacemeans is always a main
objecdve in s Zevelopment of piezceiscTic transducsr and

-
~
-

veam
Al i,

actuatcr devices. Sincs the dirser extansicral strain in most
piezceiecTic cerzic materials is at Sest 3 few tenths of one
gerssat mazns of enhancing or amplifying the
dispiac sssantial in many device desigas{1].

Excspt Sor muidiayer type actuators. which eahancs the
disglacs v 2 Zirscr dimension 2Tacs prasendy thers are
two ways 0 ammzily the extensional stzin of piezoelectic
matezials{2]. Cns is !0 make use of Sencing ampiification
mechanism, »Rich lsads to the deveicoment of bimorph type
actuzatcrs. Anciter way is the utlizaticn of flextentional
ampiificaticr sciszme. which leads to e deveiocpment of
flextensicnal m=nsducers widely used in uncerwater acoustics,
moecnie and cvymisal actuarers{3].

Recsently, w2 cresented a new kind of piezcelestic
aciuaticn swuciuss zamed bimorph tased double amplifier{d],
beczuse it zan Se soasidersd as the comtination of bending-
type aciuaters and tensional elements, as shown in Fig. 1.
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As a resuir the cisciacement of the new actuator can be more
thar ten tmes larzer than the tip dispiacsment of bimorphs,

and can e usec (n air acoustic tansducets is an actuation
ciement Scm cal analyses have been given earfier{S].
In this werk. e Zispiacement of the actuator is studied in
detail, with emciasis on the opimum dimension design of
the cover zia £ acator.
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Fiz. 2. 3asic configuration of bimorph zsed double amplifier

The basic sonfiguration of bimerph Sased double amplifier
is shown in_rFig. 2. The suwucture mainly consists of two
parallel-mounted bimorphs with a triangle shaped cover plate
as an actve diaphragm fixed on the top of the bimorphs.
Higher dispiacement is achieved Sy converting the tip
displac=meat of bimorphs to the moton of the cover plate.
Since one of the objective of the acruator is to work in air
acoustic tanscucers as an actuation element, loudspeaker




paper is chesen as cover plate material in this work because
of its exc=ilent mechanical-acoustic preperty and light weight.

The relationship between displacement of the cover plate
(middle peint) and actuator parameters is explained below: as
shown in Fig. 3, letters A, B, and C regresent the joint parts
of the cover plate, which are called as hinge regions.
Generally, the deformation of the cover plate can be
considered to concentrate in these hinge regions. Whea a
displacemeat of the cover plate is generated, moments will be
inducsd in thess hinge regions due to the deformation, which
will balance the moments producsd by the bimorphs.
Ther=fore, the motion of the cover plate is rotation-dominated
and can be T=ated as two rigid beams coanected by a torsional
spring at the middle point. When a voltage V is applied to the
bimorphs., a tip displacement A and forcs F are generated,
which in warn produces 2 displacement § at the middle point
of the cover plate and inducss 3 moment M in the torsional
spring due to the displacemeat From the geomewic
consideracicn, it can be found that

§=31’30=V3§:‘L'A'3a . (¢9)

The momms=: taiancs equation is:

ZF (3, +3)=M=k-2:(8 ~6,)

or T3, +&)=k(8,-8,)=x-285/L @)
Since & is =—uch smaller than L. k in equation (2) is the
spring coaswant It has besn known datf6]:

== —;;“—'-(Ao —a)=c,(d, =4) )
Su
where w is 2= 'width and si is the siasdc compliance of the
piezoeiscTic marerial, 4, is the tp disglacement under fre=
conditon. and

Aq =3dy, V(h/ 1) : @

if parailei ©yz= Simorph is used.

The ecuivalent torsional spring constant kK can be
determined iz tis way: Suppose the criginal length of the
hinge regfoz is 5. and it is also the eyl line length of the
defermaticn ars2. R, Rq and Re ars the slastic curvaturs radii
at hinge rezicns A, B, and C rcscc:.xve'y me Fig. 3 we
can geu .

Rg; =R

c: =5/@n@ ,and R, =b/(2und,),i=0,1

Le: M,, Ms a.rc’ M represent the induced moments at areas
A, B and C dus to0 the dispiacament, thea the total induced
moment is{7.
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Fig. 3. Rigid-beam mode! for rotation-dominated cover plate motion

M=M, +M;+M,

=ZI(1/R,y =1/R,5)=2-El/Ry,
= 2ZI(tan @, ~tanf,)/b

= LZI(8, -8,)/b

~1/Ryy)

wiers E is the Young's medulus cf the cover plate marerial
and I is ar=a moment of iner¥z of cross section of the hinge
s=gion. Compare to equatian (2) we zet the spring constant:

k=2Z7% €)

Tzis means that k just depends ca &2 propertes of the cover

"piate maresial. Substituting eguacess (3) and (5) in equation

2) vieics:

Ca(8g =A)2y +3) =(2=/b)-(28/1) )

From sguations (1), (6) and (4), the dependencs of A and §
on the acwuator parameters and driving voltage can be
octained. so that optimization cn actuator design can be
ccaducted. However, the amaiysis is rather complicated
because the relationship betwesz A and & is nonlinear
acserding 0 equation (1).

Ccnsidering a simple siration, that is, if L-A<<aj, we
g=t the {izear approximations for squations (1) and (6):

&=L -A/(a,) @ -

Co(Ag =4)-2, =(2E1/b)- (28 /L) )




HEence A anc 3 can be obtained as:

4,
A= ———
1+ 2E1/(ae0) @,

. L-4,

> T2, + 4L (age,)
Equation (10) indicates that § will increase linearly with L,
but thers is an optumum value for 3, where & is maximum.
This optmu= value is:

22, =4EI/(a,cqb), or 35 = ./ZEI/(cub)

However, as the initial height 3, is very small, ancther
possibility is that the deformation of the cover plate becomes
larger and <3z 2ot be neglected, that s, flextensional motion
of the cover ziate will occur. Hezce the rigid-beam model
shown in Fig. 3 is not valid. From elastic theory(8,9], when
a triangle shored continuous beam is under the action of
< axial fores P, the displacsment of riddle point is:

(10

an

compre
- tan(../-,./?'?
3 = Ag( e m——— (12
(®/2)4P
wiers P =S5 1.% is Euler load.

E::un.zicr .\';_, shows that § wul .n crease linearfy wuh 2
, tnis is the siwation similar ‘or cymbal actuators
tere the dispizcement is lmcan reizzg to the cavity degth
= sxponentially rsiated o the cavity diamerse
because of :L':: :’ sxtensional moton of sndeaps{10].
Trersicre. i Dextensicnal motion of B¢ cover plate occurs
abave the cgiimmum 3y value detzrmined from the rotatione
domizarad situaticn, the r2al opumum cover plate height will
be in the ¥isinizy from rotation-dorminated situation to the
d situation.
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IO EXPERIMENTS

Tcas bir: =25 used in this work are operated in paralief

configuraticn and made from Moterala 3203HD (PZT type
SE) matasial. Their dimensions are 20.0 x7.7x 1.5Smm. The

loudsgeaksr zager with the same width and 0.56mm thickness
is fixed on 2z top of bimorchs dy super glue. The
dispiacsment cf -'cdle point and tp point are measursd by
using M7T: ZCCC Fotonic Seasor under different dimensions
of cover piate. Tue aophed voltage on Dimorphs is fixed at
150V (y--p vaiue; and frequeacy is 15z

[v. R=SULTS AND DISCUSSIONS

Fig. 4 is ins Z=pendence of middle point displacement and
¢t cisgiaczment on the height of cover plate. The
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Tig. 4. Dependence of displacsmest 2ad amplification facxor
on the initial caves swe qeight

lenz:s of cover plate is fixed at 35.0mm in this experimeat
It ceally shows that there is an cptimum value for imitial
cover plars height (about 13mm) at which middle point
dispiacemment reaches the maximum. Defining the
ampiificarion factor as the ratio of =iddle point displacement
o the &ee tip displacement of bimorphs, Fig. 4 shows that
the amplification factor is more than 10 in the vicinity of
optimum initial cover plate height

In order to determine the modon situation of the cover
plats, the middle point displacsment is also calculated by
using eguations (I) and (7) with measured tp point
dispiacerzent and compared to expesimental values in Fig. 5.
It can be sesn that when the cover clate height is larger than
3.0mm, the linear approximation can be used. When the
cover plate height is between 1Smm and 3.0mm, the
calculated value using equation (1) is consistent with
experimental results. This means it is still rotation-dominated
situaricn but nonlinear effect must te considered. When the
cover plazs height is smaller than 1.3mm, the calcuiated value
still increases but the measured value decreases, which means
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flextensional motion of cover plate becomes obvious.
Ther=fors, the optimum inidal cover plate height for the
presext cesign is in the vicinity from rowton-dominated to
flexteaticn-dominated situation.

_ (47 3Bazomin Xu, Q. M. Zhang, V. 2. Kugel. L. & Cross, “Piezoeiesic 2ir

Fig. 6 shows the dependencs of middle point displaczmer
on the length of cover plate. Whea the cover plate height |
3.0mum, the linear approximation can be used so that th
middle point displacement will linearly increase with th
length of cover plate. Whan the cover plate height is 0.5mm.
flextensional motion beccrmes dominated, and the middk
point displacement increased with cover plate length men
rapidly than linearly. This is consisteat with our theoretica
analysis. -

V. CONCLUSIONS ‘

The displacement of bimorph based double amplifies
actuators can be more than ien times larger than the tip
displacsment of bimorphs. Tae displacemeat strongly depends
on the inidal height of cover plats. When the cover plas
height decreases, the motion of cover plate is from rotaticn-
deminated to flextension-deminated. And the optimum cover]
piate height is in the wansier region of these two kinds of|
sicuations. The displacement incrsases with cover plate
length, but the relationsiip in dewil is quite diferent
acceording to rowation-dominated or flextension-dominated
sitcadon.
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CRESCENT : A novel piezoélectric bending actuator

Sanjay Chandran, V. D. Kugel, and L. E. Cross
Intercollege Materials Research Laboratory, The Pennsylvania State University, University Park, PA
16802 :

- ABSTRACT

Piezoelectric actuators have significant potential for use in smart systems like vibration suppression and acoustic noise
canceling devicss. In this work, a novel piezoelectric bending actuator CRESCENT was developed. CRESCENT is a stress-
biased ceramic-metal composite actuator. The technology involves the use of the differencs in thermal contraction betwesn
the ceramic and the metal plates bonded together at a high temperature by a polymeric agent to produce a stress-biased
curved structure. An extensive experimental investigation of this davice in the cantilever configuration was carried out. The
tip displacement, blocking force and electrical admittance and were chosen to characterize the performancs of the actuator
under quasistatic conditions. The device fabricated at optimum temperature exhibits large tip displacement and blocking
force and possesses superior electromechanical characteristics to conventional unimorph actuators.

Keywords: piezoeiectic actuators, unimorph, bimorph, CRESCENT
1. INTRODUCTION

Piszceiscic ceramic materials are being increasingly investigated for use as solid-state actuators in applications
requiring largs displacements (>10 um) such as loudspeakers. pumps, vibration suppression and acoustic noise canceling
devices. Sinecs “he direct extensional swain in piezoelectric ceramics is quite small, novel strain amplification mechanisms
are being 2xgicred. The bending mechanism is an effective strain ampiification technique and actuators utilizing this

echanism are ‘videly used for the above mentioned applicatdons. A classical example of such a device is the unimorph
actuator whica consists of the non-piezcelectric and elecroded piezoeiectric plates bonded together. A schematic view of
the unimergh 2ctuator with rectanguiar cross-section in the castilever configuration is shown in Fig. la. The flexural
dispiacemexst 7 under applied voltage U (Fig. 1b) is caused by the piezoelecTic effect in the direction perpendicular to the

poiar Z axis (piszoeiectic d;; coetficient).
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Fig. 1. (a) A schematic view of the unimorph actuator in cantilever configuration. P, denotes the vector of the spontaneous
polarizaticn. (%) Flexural displacement i} of the unimorph in the ZX plane under the applied voltage.




Recently, a novel technique of using pre-stress produced during the device fabrication was introduced.® The
piezoelectric actuator made using this technique was named RAINBOW (Reduced And Internally Biased Oxide Wafer).
RAINBOW is made by subjecting the ceramic to a selective high temperature reduction with graphite in an oxidizing
atrnosphere resulting in a reduced electrically conductive layer and an unreduced piezoelectric layer. The resulting stress-
biased monolithic unimorph has a dome or saddle-shaped structure because of difference in the thermal contraction betwesn
the reducsd and unreduced Iayczs of the ceramic plate. It was stated that this dome shape enables the actuator to generate
sxomﬁc:mt axial displacement.’

In this work, the authors describe a novel piezoelectric stress-biased bender called CRESCENT. This device is very
promising considering that it generates fairly large displacement and blocking force at reasonable driving fields. In
- addidon, ease of fabrication, low cost and surface mountable configuration are some of its other attractive features. Details
regarding the fabrication of CRESCENT and its electromechanical characterization are given below.

2. FABRICATION OF CRESCENT

The technology of fabricating CRESCENT involves the use of the difference in thermal contraction between the
piezoelectic ceramic and metal plates bonded together by a polymeric agent to produce a stress-biased curved structure.
The electroded piezoelectric plate is cemented to a meral plate by a thin layer of high temperature curing epoxy by
" subjecdng it to high temperature (200-400°C) for a fixed period of tme (typically 30 minutes - 6 hours) so that the epoxy
cures and hardens. Then the structure is rapidly cooled (typically air cooled) to room temperature to achieve the differendal
thermal contraczon. This process produces a dome-shaped swucture with significant internal sresses. After the device is
fabricared it is poled. A schematic view of the CRESCENT is given in Fig. 2.

egoxv

Fig. 2. Schematic view of CRESCENT.

3. EXPERIMENTAL PROCEDURE

In all experiments, soft piezcelectric ceramics PXISS0 (Piezo Kinetics, Inc.) and stainless steel SS302 were used.
This categery of piezoelectric ceramics is analogous to soft piezcelectric ceramics PZTSH. Stainless steel SS302 was used
because of its very high Young's modulus. Two epoxies with differeat curing temperatures were used: one of the epoxies
was curad at 250 °C for 6 hours and the other was cured at 350 °C fcr 45 minutes.

Each piezoelectric plate was rectangular in cross-section and had the following dimensions: total length L = 30

‘mm, width w = 11 mm and thickness t. = 1.09 mm (Fig. 1). The SS 202 plates had dimensions: total length L = 30 mum,
width w = 11 mm and thickness ty = 0.37 mm (Fig. 1). Since the Curie temperature (~200 °C) was lower than the device
fabrication temperature, the actuaters were poled after fatricaticn. The radius of the curvature of both the CRESCENT
actuators befcre poling was about 0.4 m and after poling it increased to 0.8-0.9 m. For comparison, standard d3; unimorph
actuator of identical dimensions was fabricated. In case of unimorph, the piezoelectric ceramic plate was first poled along
its thickzess and then bonded to the SS302 plate- using ccrumercially availabie I-B Weld epoxy (J-B Weld Company) at




room temperature for 24 hours. Hence the unimorph has a greatly reduced level of internal stress compared to the
CRESCENT actuators.

The piezoelectric ds; coefficients of the CRESCENT and unimorph actuators after poling were measured using the
piezoelectric ds3 meter ZJ-2 (Institute of Acoustics, Academia Sinica). To characterize the CRESCENT and unimorph
actuators, their elecromechanical response as a function of the applied electric field well below the fundamental frequency
of bending vibrations (quasistatic conditions) was investigated. Under quasistatic conditions, the following parameters of
these devices in the cantilever configuration (Fig. 1) were measured as a function of amplitude of the electric field: (i)
displacement T of the free end of the cantilever, (if) blocking forcs Fy (when n=0), and (iii) electrical admittance Y. The

vibrating leagth of the cantilever was | = 26 mm.

A block diagram of the experimental set-up is shown in Fig. 3.* The tip displacement of piezoelectric cantilevers was
measured by a phaotonic sensor MTI 2000 (MTI Instruments). The actuator (in Fig. 3, bimorph is shown as an example) was
mounted on a XYZ micropositioner (Ealing Electro-Optics, Inc.). To measure the blocking force, a special metal head of a
load ceil ELF-TCS00 (Entran Devices, Inc.) was glued by Super Giue to the vibration end of the acmator. Power supply PS-
15 (Entran Devicss. Inc.) was used to drive the load cell. The elecTical admittance was measured by means of a smail (a
few ohms) resistor R connected in series with the actuator. The lock-in ampiifiers (SR830 DSP, Stanford Research Systems,
Inc.) used to measure the signals corresponding to the tip displacement and admittance were synchronized with the output
voltage of the power amplifier (790 Series, PCB Piezotronics, Inc. or PA-250H, Julie Research Laboratories, Inc.). The
input AC signal to the power ampiifier was provided by a generator DS345 (Stanford Research Systems, Inc.). The
developed experimental set-up can be used over 2 wide frequency range (ffrom DC to several kHz). The maximum driving

voitage this setup can handle is 300 Volt RMS.

Loceln L] photonic  frmtee ) Load Cal& | Lockn
Ampifer ] Semor | Powes Supplyf | Amwlifier
- | o
Trasducer —-—-'——o P I

I Micopogdoner |I
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Generator b  Power 2 %
] Ampiifier : Ampiifier

Fig. 3. Block diagram of the experimental set-up adopted to measurs electromechanical preperdes of piezoelectric
actuators.' P, denotes the vector of spontanecus polarization.

Eleczcmechanical characteristics were measured in the quasistatic regime at room temperamurs. The measurement
frequency 1CO Ez was at least ten tmes smaller than the fundamentai rescaant requency.

4, EXPERIMENTAL RESTLTS
The values of the piezoelectric dy; coefficient of the CRESCENT and unimorph actuators are given in Table 1. It is
evident that the d;.: coefficient decreases with increasing device fabricadcn temperature. Thus the CRESCENT actuator

fabricated at 350°C has the lowest value whereas the unimorph actuatcr has the highest value.

Table 1. Values of the piezoelectric d; coetficient of the CRESCENT and unimorph actuators

TYPE OF PIEZOELECTRIC ACTUATOR | piezoelectric dv coetficient
CRESCENT (fabricated at 250°C) | 518
CRESCENT (fabricated at 350°C) 512

Unimorph 70




Fig. 4. Variation of tip displacement and blocking force of CRESCENT fabricated at 250°C with electric feld.

Tip Displacement (plm)

Admittance (8)

Fig. 4 and Fig. 5 show the variation of quasistatic tip displacement, blocking force and admittance of the
CRESCENT actuator fabricated at 250°C with increasing electric field upto about 2 kV/cm. Fig. 6 and Fig. 7 show the
variation of these parameters with electric field for the CRESCENT actuator fabricated at 350°C. The variation of these
parameters with electric field for the unimorph actuator is depicted in Fig. 8 and Fig. 9. As seen from the figures, for all the
three actuators under consideration, the quasistatic tip displacement and blocking force vary linearly with electric field for
low fields but the variation becomes increasingly non-linear at higher electric fields. The slope of tip displacement and
blocking force vs. electric field monotonically increases with electric field at higher levels of field.
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Fig. 5. Variarion of relative admittance of CRESCENT fabricated at 250°C with electric field.
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5. DISCUSSION AND SUMMARY

The experimental results show that the CRESCENT actuator fabricated at 250°C exhibits a larger tip displacement
but a smaller blocking force and slecrical admittance than the unimorph actuator. However, the CRESCENT actuator
fabricated at 350°C shows.a smaller tip displacement, blocking force and electrical admittance than the unimorph. It is
indeed useful to compare the various electromechanical parameters of the three actuators and arrive at an overall figure of




merit which can be used to evaluate thexr electromechanical performance relative to one another. This comparison can be
» done using the analysis given below.’ This analysis can be applied only to actuators consisting of piates with rectangular
cross-sccnon

The actuators were studied in the cantilever configuration in,which the mechanical load is usually applied to the
vibrating end of the cantilever. Therefore the most important characteristics under quasistatic conditions are the free
displacement 1 (Fig. 1) of the vibrating end and the blockmlg force £, when n=0. For piezoelectric unimorph actuators®

N=>dy—kE,

1

3d, we* (
Rger = kE

where dy; and s are the piezoelectric coefficient of ceramics, and the mechanical compliance of ceramics in the direction X
under the constant electric field £ (Fig. 1) respectively, k4 and ky are displacement and blocking force coefficients
respectively, andE = U/t‘ .

For unimorph cantilevers ( i.e. without internal mechanical stress) &y and kq can be expressed as*

zxy(l‘é.x) tn 2
1 =T EI T ST y=Ys,
l+d4xy+6x'y+4xy+x*y t @
¢ _nylé-x
* 1+xy'

where Y, is the Young’s modulus of the metal. As given in equation (2) factors 44 and &y depend on the ratio of thicknesses
x and ratio of Young’s moduli y of metal and piezoelectric plates.

For CRESCENT actuarors, internal mechanical stress producsd curing device fabrication and soling, changes the
electromechanical properties of ceramics. Taerefore equan‘on (1) for these actuators can be written as®

11--»2dJl —kk E,
3
3d, we?
F, ==k k_
s I E

1

where k, is equal to relative change in dy; and k., is equal to the change in d, /s2 as a result of the internal stress bias. &y
is 20t very seasitive to change in s . Heacs &, can be calculated from the ratio of the tip displacements of the CRESCENT
and unimorph actuators using equation (1) and equation (3). However, ki being a swong function of 53, the value of ky in
equation (3) sbould be first calculated using the value of sf, under mechanical stress in equation (2). Then k, can be
determined from the ratio of blocking forces and ratio of ky for unimorph and CRESCENT actuators using equation (1) and
equation (3).

Another important quasistatic slectromechanical characteristic of the actuators is their electrical admittance Y':
Lw o
Y= jo—eyk,, 4
"
where @ is the angular frequency = 2tv. £ is the component of the tensor of the dielectric permitdvity of ceramics and
coefficient ky degends on the electromechanical coupling coefficient and a cnangc in the dielectric permittivity due to
device fabrication. -

An overall figurs of merit representing the ratio of the mechanical work to the input electrical energy can be expressed as®

overall figure of merit ee 77:; . : (&)

Equation (5) can be used to compare different actuators (in our case, CRESCENT and unimorph actuators) only if
they are fabricated using the same piezoelectric ceramics and have the same dimensions of the active piezcelectric plate. All




quasistatic characteristics should be measured for the sarmne amplitude and frequency of the applied electric ﬁcld since
electromechanical properties of piezoelectric ceramics depend on the ..mohtude and frequeacy of the electric field.”

Calculated relative values with respect to the unimorph actuator representing ¢lecromechanical charactcristics of
the aczuators studied are given in Table 2. These values were obtained at low applied electric field (less than 20 V/em). As
seen from Table 2, the CRESCENT actuator fabricated at 2S0°C has the highest figure of merit.

Table 2. Figures of merit of bending-mode piezoelectric actuators in the cantilever configuration.

Type of Piezoelectric | Tip dispiacsment Blocking force Admitancs Overall figure of merit
actuater (reiative) (reladve) (relative)

Unimerzh 1 1 ' 1 | 1
CRESCENT 1.09 0.97 0.91 1.16
(fabricated at 250°C)

CRESCENT 0.38 0.85 0.90 ' 0.83
{(fabricated at 350°C)

Based on the relative values of tip displacement and blocking force and equations (1) and (3) the values of &, and
k. Uncer Guasistatic conditions and low applied electric Jeld can be calculated. The calculated values of these coefficients

are given in Table 3. i

Table 3. <, and &y, values for CRESCENT actuators

Twvpe of > =zoelectric actuator f : k. ko
CRESCZ=NT ‘fabricated at 250°C: | 1.09 0.88
CRESCENT (fabricarted at 350°C: | 0.38 0.82

Trom Table 2. it is clear jarthe CRESCENT ac:uator Sagricatad at 250°C has a higher dp displacement and lower
adrmaittancs than dy; unimorph fatricarsd from the same materials. This implies that the average piezcelectric @y, coetficieat
of the piezoeiectric ceramic plate poied under a certain level of mechanical bending swess is igher and the corresponding

piind N

cr’”'—- cermittivity £ lower than that of the starting material. Tkis is very surprising 2ecause experimental results®

show that iongitudinal stress decreases piezoelectric d3, coefTcient. .-tlso, it is interesting to acte that for a piezoceramic
plate poied under a certain level of mechanical swress, the piezoelecTic dy; coefficient is lower tut the piezoelectric 4,
coefficient is higher than the starzag material. This eahanced elecomechanical response can be anributed to specific
domain stuctures which are formed during poling. A verv important fact supporting this dypothesis is that there was a
significant increase in the radius of survature of the device after poling. For the CRESCENT zactuator fabricated at 350°C
(atove the optimum temperature), sxcessive residual mecianical stress may decrease the piezoelecic dsy; coefficient. This
sxpiains e inferior electromechanical characteristics exhibited by the actuator. The blocking force of both CRESCENT

aczuators is less than that of unimorgh. This can be due to the increase in s due to mechanical swess during poling of the

device.

It is =vident from the results that the electromechanical and dieisctric properties of e CRESCENT actuators ars
decendent on the level of the applied siectric field. At high electric fieids, they exhibit a non-linear variation. This can be
atz ~buted :0 the non-linear behavicr of the soft PZT ceramics.” This non-iinear behavior of ceramics has an exminsic nature

i.e. it is caused by domain wall and shase boundary motion.

Another important vardstick to evaluate the reliakility of an actuator is the elecwic eid at which mechanical
failure occurs at resonance. Electromechanical resonance induces a very high level of mechanical vibrations which causes
mechanical Tacture. For unimorph 2ad bimorph actuators, the facture oc"urs at 30-50 MPa in the region where actuators
weres clamped since this region is subjected to the highest level of stress.” CRESCENT actaters have metal plates, and
hence even if mechanical failure of ceramics occurs the actuators do not Tacture since metais iike stainless stesl have much




higher fracture toughness than ceramics. Hence they can be expected to have a higher reliability than bimorphs. Woark to
snfdy the reliability aspects of the CRESCENT actuators is currendy in progress.

CRESCENT actuator fabricated ar ciose 10 oprimum temiperature exhibits superior characteristics as compared to
conventional unimorph. This also shows that though in most cases stress has an adverse sffect on the performance of -
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The piezoelectric resonance behavior of end-clamped
bimorph structures made from the rainbow monolithic
ceramic have been evaluated. Thickness, width, width flex-
ure. and length bending modes have been identified and
measured. Using a very crude model in which the cermet
component of the rainbow is assumed to have the same
density X elasticity product as the buik, surprisingly good
agreement is obtained between observed and calculated
frequency behavior. By appropriate processing it is possible
to delaminate the bimorph. and work is now in progress to
measure the properties of the two separate phases so that a
proper composite resonator model may be developed.

I. Introduction

Pu—:zosf_scmlc and electrostrictive materials are used in a
wide range of applications. Especially smart materials have
aroused incraasing interest. To improve the performance or
piezoeisciTic materials (higher strain or higher displacement:.
new structures such as flextensional structures or “moonie™ are
develorad.’ Recently a new type of morolithic ceramic bender.
known 2s “rainbow™ (reduced und internally biased oxide
warer:. vas developed by Haertling.” This material presents a
numeer of advantages and in particular the possibility to gen-
erate varv high displacements.” The piezoelectric material
response Jepends not only on its piezoelectric properties but
also on 2iastic and dielectric paramerers. Elastic bodies show
resonancas. and the resonance method is convenient for evaluat-
ing such proverties. [n this way. the purpose of this work is
to study the resonant behavior of rainbow materials. A good

:ng—vontributing editor

Manuscmzt N 192775, Recerved March 8. 1993: spproved June 3. 1995,
‘Memear. amencan Czramic Society.

Dyhamic Characteristics of Rainbow Ceramics

Catherine Elissalde and Leslie Eric Cross’
16802

knowledge of the frequency characteristics is. indeed. essential
for many tvpes of applications. '

II. Experimental Procedure

(1) Sample Preparation

Rainbow piezoelectric PZT (l2ad zirconate titanate) materi-
als were prepared using a conventional mixed oxide process.
During the processing, an additonal important step for the
rainbow is the high-temperarure chemical reduction of one
surtace of the wafer.” The thickness of the reduced laver is 1/3
to 1/2 or the sample thickness. This single-sided reduction
inroduces a stress in the ceramic and the rainbow becomes a
dome-shaped water.

The rainbow actuators were supplied by Aura Ceramics. Inc.
The dimensions of the initial warer were the following:

-~ 30.3 mm in diameter and 0.76 or 0.38 mm in thickness. A

motional diamond saw was used o ganerate the rainbow canti-
lever used for our experiments. Cne 2nd of the sampie was then
clamped in a plastic support using § Minute Epoxy glue. and
the other 2nd was free. ‘

12) Frequency Measurements

Frequency measurements wer2 zertormed using an HP4194 A
impedanca/gain-phase analyzer waich covers a frequency range
or 100 Hz to 40 MHz. A prelimirary calibration was conducted
roren ancd short circuit). On acsount of the initial bent shape of
the raintow and thus because ot the high sensitivity of the
sample measurement, two differsnt c2ils were used. Both were
connectad to a test fixture with the four terminals artached
directiv <0 the terminals of the anzivzer (BNC connectors). The
so-cailed sott cell” (SC) consisied of an HP16047 C test fix-
wre. The so-called “hard cell” HC was made up of a clip
mounted on an HP16047 A :est dxmre. For each cell. the
contact was near the clamped ¢nc of the rainbow cantilever.

The reduced layer on the concave side of the rainbow served
as one of the electrodes but it was aiso possible to electrode it

bending mode

¢
~

o0 300 104 T i

onp 103 1ai0d e fige

Frequency 1Hz)

Fig. L.

Impedance spectrum of ruinbow cantilever 'L = 235 mm.w = 5 mm. ¢+ = 0.7¢ mmo.
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to ensure 2 good contact. In fact. the results of these impedance
measurements were not affected if only the top side or if both
sides were 2lectroded.

Temperarure measurements were performed using a metallic
cell. a hot plate PC-35, and a mode! DRC 80-C temperature
conrroller.

III. Results

(1) Resonance Modes

Four rascnant modes were observed in the rainbow cantilever
with one 2nd clamped. The resonances appeared in the fre-
quency rangz 100 Hz to 4 MHz. As an example. Fig. | shows
the impedance spectrum obtained. The lowest resonant mode is
the bending mode. The value of the corresponding resonant
frequency dapends on both length and thickness. At high fre-
quency :7 > 2 MHz), the fundamental thickness mode can
be observad. In a conventional piate thickness resonance. the
frequency of the fundamental is given by

3,
= \’T ()
whers 7. is the parallel resonance trequency. ¢ the plate thick-

ness. o the density (p = 7.3 X 10* kg/m®), and C%, the elastic
stiffness at constant dielectric displacement. For the bimorph
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Table I.  Measured Resonant Frequency of
Rainbow Cantilever’

Resonant frequency (Hz)

w=35mm 4 =28mm w=15mm
t=0.76mm 93732 274861 678733
¢t =0.383 mm 52046 158 197 426 264

¢ L= 9T mm,

structure of the rainbow, there are two materials involved. the
unreduced PZT ceramic and the lead-based cermet of the
reduced region. As a first approximation. assuming that the

. cermet behaves elastically like the PZT, the value obtained from

experimental results is about C%, = 14.4 X 10 N/m* (f, =
2.6 MHz). Such a value is effectivelv the same as the value for
common piezoelectric ceramics.

The frequency of the resonant mode observed close to 3 X
'10° Hz in Fig. 1 depends only on the width of the sample
and thus corresponds to the lateral extensional mode of the
cantilever. Again. assuming the cermet behaves like PZT we
could expect the frequency to be given by -

5

f.-—O.J(I,/w)V 5 )

whera w is the width of the sample. p the density, and C&; the
erfective elastic constant measured at constant field. The
mechanical conditions are S. = 0, T, = 0. and CE, =
II!S;E'_( 1= 0':).3

Figures 2 and 3 represent the measured iTequency versus
width for 0.76 and 0.38 mm thick rainbows. The plots clearly
veriry the 1/w dependence and irom the slope a value of §§, =
1492 % 107"* m*/N is obtained assuming that the value of the
Poisson ratio. a. is that of PZT. i.2.. o = 0.36. Such a S%, value
is in the range expected for softer PZT compositions.

For the resonance observad near ¥ X 10* Hz (Fig. 1) the most
probable origin is a width bending mode as the frequency
scales with both width and thickness. but not with length of the
raintow. Table I lists the measured resonance frequencies as a
tunction of these two controlling dimensions.

(2) Bending Mode

In :his study we have focused our artention on the lowest
frequency resonant mode. nameiyv the bending mode. Figure 4
siiows the measured bending resonunt frequency versus the
ratio 'L ° of the cantilever. By changing the length. the frequen-
cles of the other resonant modes ramain constant. Again. using
the assumption of a homogeneous ceramic. the resonant tre-
guency of a cantilever (one end clamped and the other tree) can
oe expressed as

2000
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Fig. 4. Resonant frequency of bending mode vs #L% (@) f..u.
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m* 1
© = ==(t/L}
fe R 12( )\/p g
where L is the length of the sample and m the eigenvalue of the

resonant mode. The fundamental resonant frequency corre-
sponds to a value of m = 1.875* and

1
= 0.16(/L})——=
o= M1
From experimental values, the obtained elastic compliance is
about 15 X 107" m*N (Fig. 4). There is not a significant
difference using one or the other of the cells. Moreover, it is
interesting to notice that even if the reduced layer is not elec-

troded. the measured resonant frequency remains the same.-
The sharpness of the impedance-frequency peak in the neigh-
borhood of the resonance is controlled by losses in material.
Near the resonance the dominant factor is probably related to
mechanical losses. The mechanical quality factor. Q, is thus
an important parameter to determine the impedance-frequency
characteristics of resonating systems. It also gives an idea of the
usable bandwidth. Q is obtained from a determination of the
minimum impedance |Z | at resonance. Q is given by the

relation

0 = U[Aw(Co + CO, — fIZ,]1] (4

where C., — C, is the capacitance measured at low frequency,
and f, and f. are the trequencies corresponding to the maximum
values of the resistance R and the conductance G. respectively.
For the rainbow cantilever. the calculated Q value is close to
100. There is not a precise evolution of Q as a function of width
and length (Figs. 5 and 6). Considering the restricted sensitivity
of the measurement. it is reasonable to conclude in favor of an
average value.

In order to complete the characterization of the bending
mode in the rainbow cantilever. measurements as a function of
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Fig. 7. Temperature dependence of resonant frequency of the bend-
ing mode (L = 32.27 mm, w =5 mm.; = 0.38 mm).

N

temperature were performed. The temperature range was from
room temperature to 340 K. As an example. the temperature
dependence of the frequency of the bending mode is shown in
Fig. 7. For all the samples. a decrease of frequency is observed
when the temperature increases. The corresponding variation of
the resonant frequency can be well fitted using a law-type such’
aslnf =4 + B(1/T) (A and B are constants). Using Eq. (3) it is
also possible to determine the temperature dependence of the
elastic compliance. In each case. S%, increases linearly with
increasing temperature. The curve fit is a straight line (Fig. 8).
It is perhaps surprising that the assumption of a homoge-
neous ceramic in describing the elastic and density properties
works verv well and is probably adequate for many engineering

_purposes. Given the fact that oxyvgen is lost from the ceramic

during the reduction process and that the resulting cermet puts
the ceramic under compression. one would expect a higher
density in this component. Possibly this change is partially
compensated by a reduction in stiffness due 1o the metallic
phase. We note that in some cases it is possible to cause a
delamination between the ceramic and the cermet phases. so
that with the possibility of explaining the elastic and density
behavior of the two separate phases. it will be possible to model
tnore 2xactly the precise behavior of this composite resonator.

IV. Summary

The trequency behavior of rainbow cantilevers has been stud-
ied in a large frequency range (100 Hz to 4 MHz). Different
modes of resonance have been observed. The stronger corre-
sponds to the thickness mode and appears at high frequency
(f > 2 MHz). At low frequency. the bending mode can be
characterized by an impedance-frequency peak with a value of
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Q close to 100. The corresponding resonant frequency increases
when the length of the cantilever decreases and is also depen-
dent on temperature. The behavior has been modeled on the
simple assumption that the rainbow cermet has elastic and
densiry properties similar to those of the bulk ceramic and
there is surprisingly good agreement between measured and
predicted properties. The temperature dependence of the
resonance suggests that the § € has a linear variation with
temperature. '

Using separated cermet and ceramic elements, measurements
are now in progess to characterize exactly the separate phases

so thar a more precise composite resonator model can be
developed.
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Abstract- In the last few years the technology of

using piezoelectric actuators for applications
requiring large displacements such . as
loudspeakers and noise-canceling devices has
undergone significant development. The

RAINBOW (Reduced and INternaily Biased Oxide
Wafer) is a novel high displacement actuator and
knowledge of its dynamic response is indeed
essential for these applications. In an attempt to
characterize the RAINBOW, measurements were
made = of important lumped mechanical and
electrical parameters. Cantilevers of different
dimensions were cut from RAINBOW disecs. The
data inciude nmeasurements of the mechanical
displacement (under both quasistatic conditions
and electromechanical resogance), and its
hysteresis, mechanical quality factor and the
electrical impedance of RAINBOW cantilevers.
These measurements demonstrate the macroscopic
effects of the sinusoidal applied electric field and
indicate significant non-linearities in the
RAINBOW device.

I. INTRODUCTION

For many vears. piezoelecmic and 2lecosirictive ceramic
materials are Deing increasingly investigated for use as
solid-state acmeators for small dispizcements (<10u) and
precise mechanical movement devices. However, many
applications like loudspeakers and noise-canceling devices
require actuatcrs producing larger dispiacements (>1mm).
The direct extensional stain in most active ceramic
materials is quite small (<1%) and hence novel techniques
of strain amciification are required o sadsfy these demands
for high dispiacement actuation. Recently. 2 new type of
monoiithic seramic bender called RAINBOW was developed
by Haertling [1]. Key feamres of the RAINBOW inciude
quick processing. ease of fabrication. surface mountable
configurations and above all, its ability to produce very
high displacements at reasonable driving fields. A good
knowledge of the dynamic behavior of the device is indeed
essental for many applications. The purpose of this work
is to study the dynamic characteristics of the RAINBOW.

0-7803-3355-1/96/35.00 © 1996 [EEE.
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1. EXPERIMENTAL METHODS
A. Sample Preparation

As it is known, piezoelectric PLZT ceramics are prepared
by a conventional mixed oxide process. During the
processing, an additional important step for making the
RAINBOW is the high temperawrs chemical reducton
process which involves the local reduction of one surface of
the ceramic thereby achieving an anisowopic, stress-biased.,
dome-shaped wafer with significant internal tensile and
compressive stresses which act to increase the overall
strength of the material [1]. The thickness of the
elecicaily conducting reduced layer is about 1/3 of the
sample thickness. The RAINBOW ceramics used in this
work were supplied by Aura Ceramics Inc. The original:
wafers were 30.8mm in diameter and 0.38mm in thickness.
Candilevers of various dimensions wers cut from the
original warers using a Motional Diamond Saw. One end
of the cantilever was clamped in 2 plastic support using
Superglue, the other end was iTee.

B. Measurements

Frequency measurements under low electric field were
performed using a HP4194A Impedance/Gain Phase
analyzer in the frequency range 100 Hz - 4 MHz. To
investigate the response of the RAINBOW cantlevers
under varying frequency and ampiirude of the driving field
(RMS). sinusoidal signals varying in amplitude and
frequency were applied with the signal generator. The
current flowing through the samrie was determined from
the voltage drop across a small resistance which was
measursd on a lock-in amplifier. Hence impedance of the
sample was determined. The dp displacement of the
RADNBOW cantilever was measured by an optical fiber
sensor. The amplitude of the tip displacement (RMS) was
measured by a lock-in amplifier wiile the sinusoidal signai
corresponding to the tip displacement was monitored on an
oscilloscope. Complete description of the measurement
setup used can be found in {2].




III. RESULTS

. Resonancz modes

The frequency spectrum of the electical impedance of the
RAINBOW cantilever with one end clamped shows four
rasonance modsas in the freguency rangs 100 Hz - 4 MHz
[3]. The lowest resonant mode is the bending mode. All
the results discussed subseguently are pertinent to this
bending moda. The resonant frequency of the bending
mode can be sxpressed as {4 :

Foo= (mP2mN i) (VL) (IAN(p xs,F)) (D

= sig=n value of the resonant mede = 1.873

sampie

whera m
t = thickness of the
{
o)

length of the sampie
o = dansity of the sampie
s,;% = siastic compiiance of the sample

t is assumed in (1) that the siastic compliance values of
both reducad ancd unreduced lavers are 2gual. Work by
Elissaide [3] conrirmed this aspect

.

B. Dererminzsion of Q

The sharpness of the peak in the impedance frequency
specTum in e neighborfood of resonzace is determined
by iosses in the material. Near the resonance the dominant
factor may De rsiated to the mechanicai iosses. Hence the
mechanical guaiity factor Q is an important parameter to be
derermined in the characterization of resonating systems: it
gives an idea of the damping. 2 sarrow peak surrounding 7,
suggests lighs camping and vic e-versz. Q can be caiculated
from the minimum impedance Z,, |at resonance as follows

A
-3

r—s

[

Q=I/{4riC,=C).(,-f). 1Zyi] 2

whnere (C, = C,; = capacitance measursd at frequency well
beiow fundamental resonance ‘

/» - f. = frequeancies corresponding to the maximum values
of resisiance R and conducance G respectvely.

As evident from Fig. I, Q ( calculated from (2) ) decreases
aimost lineariy with the driving field over the 2 kV/em
range. This be"xavior can e amributed to the increase in
the losses in the material.

C. Variation of 7, with driving voltage

Fig. 2 shows that the resonant frequency , decreases with
increasing elecic field. This can be armibuted to change in
the eiasuc prcperties of the material due o the increasing

744

driving voltage. increasing losses and a change in the
effective length of the curved RAINBOW cantisver. The
curvarure of the RAINBOW slightly decreases with
increasing magnitude of the driving voltage resultng in a
longer effective length. s5,,° of the RAINBOW also may
increase as a result of temperature increase dus 0 Joule
heatng {3]. :

D. Varigrion of tip displacement w at resonan: frequency
with driving field

Fig. 3 shows the variaton of the tip displacament of the
RAINBOW cantlever with increasing driving field at
rasonant frequency. The up displacement w increases in a
non-linear manner with increasing field. The iower curve
indicates increasing fieid and upper curve decrsasing field.
A 5% hysteresis is obse'ved and the slope of the curve
shows E monotonic decrease over the 2 kV/cm fisld range.
It can e observed that w is as high as 0.6 mm at a driving

fisid siightly less than 2 kV/em. This confirms the high
dis p acemient actuation of the RADNBOW.

E. Veriziion of tp dispiccement w™ under gquesiswznc
condizions with driving jieid

As seea from Fig. 4. the quasistatic tp displacemen: v’ (a
10 Hz! increases non-linearly with siscTic field. The curve
shows nys::re51s and the siope of the curve moerotonically
decreases with increasing fieic.

F. Signz! distortions

Whiie maversing the frequency range 100 Hz o | kHz
small ourput signal distortions were always detectable.
Significant distortions in the Up displacernent signal w for
a sinusoidal input were observed for frequencies ciose to the
ir=quencies

Je= 2l 3

where j= 2, 3, 4 etc.

This mav be due to the presence of higher harmonic
components which may grow and cause significant
distortrons.

IV. DisCUsSION

The results discussed in the previous sections suggest the
prasencs of significant non-linearities in the RAINBOW
device. These non-linearities include a 5 % hysterssis and a
change in the slope of tp displacement versus driving field
curve. To understand the origin of distortions in the tp
displacement signal w of the RAINBOW cantilevers it is
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useful to analyze the constitutive equations of bending
vibrations [3]. Externally 2pplied voltage produces a
bending moment in bimorph 2nd unimorph cantilevers (5].
This bending moment M is related as

lw o dj[/slls

There is a linear relation berween 4y, and w *and between
1/s;,® and ;" (4]. Therefore the product F~ given by
Frl=(/") (w) 3
gives an idea of the component of the bending moment
procuced by external electic fieid. If 7 is a non-linear
funcdon of the sinusoidai driving voltage, the
corresponding  excited mechanical vibrations can e
expecied t0 have higher harmonic components. The
variation of £ as a function of the driving field is shown
in Fig. 4. It is evident from Fig. < that £~ varies non-
iineariv with the driving feié sspecially at high fields.
Ccnsequendy, at such high fieids. the higher harmonic
componsants in displacemant w may grow and significant
distortions may result.

V. SUMMARY

The dvnamic performance of the RAINBOW under an
elecwic fieid varying in ampiitude and freguency has been
studisd.  As discussed in the eariier sections. the
measursments of various gazmerters like mechanical
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displacement ( under both quasistatic conditions and
resonance), electrical impedance, mechanical qualiry factor
and resonant frequency indicate significant don-linearitias in
the tehavior of the RAINBOW.
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Structural-Property Relations in a Reduced and Internally Biased
Oxide Wafer (RAINBOW) Actuator Material

Catherine Elissalde,* L. Eric Cross,” and Clive A. Randall’

Marerials Research Laboratory, The Pennsvivania State University, University Park. Pennsvlvania 16802

Reduced and internally biased oxide wafer (RAINBOW)
actuators are fabricated by a controlled reduction of
PbiZr.Ti)O,-based piezoelectric material. The reduction
process results in a conductive layer composed of an inter-
connected metallic lead phase and refractory oxides (ZrTiO,,
Zr0..La,0,, etc.). The nature of the reduction is discovered
to be the result of a complex volume change leading to a
nanoscale interconnected metallic structure. The distribu-
tion of phases within the cermet vary within the thickness
of the wafer. Within the piezoelectric ceramic phase. the
reduction process modifies the grain-boundary structure to
give two distinct types of fracture: transgranular and inter-
granuiar. The complexed microstructures of the RAINBOW
actuator materials are discussed in relation to their dlelec-
tric and piezoelectric properties.

I. Introduction

RECE.\TLY. there has been a continuous effort to improve the
pertormance of piezoelectric materials for electromechani-
cal actuartor applications. Novel piezoelectric structures, such as
unimorph or bimorph cantilevers and flextensional composite
structures all have been developed to produce higher strains
than the basic monolithic materials.'"~ As an example. the
ceramic-metal composite actuator. the so-called “Moonie.” is
able to provide large displacements and generative forces.™® A
new type of monolithic ceramic. known as the reduced and
internally biased oxide wafer (RAINBOW), is of extreme inter-
est. because it presents the advantage of a wide range of stress/
strain characteristics.” The RAINBOW device can be described
as a monolithic structure with a piezoelectric layer (nonreduced)
and a reduced cermet layer (electricallv conductive): a cermet
is a ceramic—metal composite material often used for mechani-
cal applications. The controlled reduction of a stoichiometric
Pb(Zr.T1)O, (PZT) is achieved by placing the bottom surface of
the ceramic on a carbon substrate and protecting the top surface
with a ZrO. plate. The RAINBOW uctuator is heated at high
temperatures and cooled to room temperature. An internal radial
stress develops during the reduction process and distorts the
wafer to the domelike structure of the actuator.” This trans-
formation process gives the RAINBOW uactuator unique elas-
todielectric properties. Our objective is to understand the
microstructure of the RAINBOW material, with relation to the
electrical and mechanical properties of the two phases (reduced
and nonreduced).

W, Hueznar—contributing editor

Manuserot No. 192497, Received June 30. [995: approved February 21, 1996,
Supportz2 :n part by the Office of Naval Research. NASA. and the Jet Propuision
Luborater..
“Memper. American Ceramic Society.
de Chemie du Sotide du CNRS. Université Bordeaux. 334035 Talence.

II. Experimental Techniques

Lead lanthanum zirconate titanate- (PLZT-) based RAIN-
BOW ceramics were used (Aura Ceramics. Inc., Minneapolis,
MN). The composition was given as 5.5/56/44, in terms of the
respective constituent lanthanum/zirconium/titanium ions.

The electromechanical resonant behavior of the RAINBOW
material was measured using an impedance/gain phase analyzer
(Model HP4194A, Hewlett-Packard Co., Palo Alto. CA) in
the frequency range 100 Hz-1 MHz. Dielectric measurements
were conducted from room temperature up to 250°C at various®
tfrequencies using a muitifrequency inductance—capacitance-
resistance (LCR) meter (Model HP4274A, Hewlett-Packard).
An acoustic microscope (Sontex) was used to determine longi-
tudinal and transverse sound velocities of the samples.

Thermal expansion measurements were performed from
room temperature up to 650°C to measure the thermal strains. A
vertical push-rod dilatometer equipped with a high-sensitivity
linear variable-differential transformer (LVDT) was used.?
X-ray diffractometry (XRD) analysis was conducted for phase
identification using a diffractometer (Model PAD V., Scintag,
Inc.. Sunnyvale. CA). Scanning and transmission electron
microscopy studies. SEM and TEM. respectively, were con-
ducted to evaluate the microstructural details of the RAINBOW
structures, The SEM microscope was a field-emission model
(Model 6300f. JEOL. Tokyo. Japan). and a scanning tunneling
electron microscope (STEM) (Model 420, Philips Electronic
Instruments, Mahwah. NJ) operated at 120 kV was used for
TEM. The TEM samples were prepared in planar and cross-
sectional views. The samples were polished to a thickness of
40 um and then mounted on 3 mm copper grids with epoxy.
[on-beam thinning was pertormed on a dual mill (Gatan,
Pleasanton. CA) at4 kV ar 12°

III. Results and Discussion

(1) Microstructural Characterization

Figure l(a) shows a typical XRD analysis for the reduced
layer on the cermer phase. The dominant phase was identified
as metallic lead: the presence of the additional oxide matenais.
identified as La,O.—4PbO and ZrTiO,, varies throughout the
thickness of the cermet laver. The surface in contact with the
unreduced PLZT still contained metallic lead, but the presence
of La,0,. PbO. and ZcTiO, are more prevalent. as shown in
Fig. 1(b). The metallic phase is continuous throughout the
cermet and serves as one of the electrode contacts to pole and
drive the piezoelectric phase. The gradient of phases throughout
the thickness of the cermet also is reflected in the spatial varia-
tion of the resistance. as previously reported by Haertling.’

Thermal expansion measurements of the unreduced layer and
of the cermet show large differences. which readily could be
the origin of radial stress on cooling to form the dome structure.
The thermal expansion coetticient () of the cermet is domi-
nated by the metallic lead 10 give o = 8.4 X 1076 °C~,
whereas the corresponding unreduced PLZT layer is only 44 X
107> *C~'. The thermal expansion coefficient of the cermet is
lower than that expected for pure lead metal (29 X 107*°C™),
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Fig. 1. XRD patterns for (a) the reduced laver and (b) a different thickness region of the cermet.
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which is caused somewhat by the unreduced oxide inclusions
but predominantly is associated with the interconnected poros-
ity. which iz discussed betow.

Figures 2(a)-(e) show the general microstructural character-
istics of the cermet phase. Figure 2(a) is an SEM micrograph
that shows the pore and channel structures contained within the
cermet: these pores and channels have cross-sectional diameters

of ~100 nm. Figure 2(b) shows the equivalent TEM micro-
graph of these structures: the TEM stwudy revealed that these
channels and pores are real features distributed homogeneously
throughout the cermet up to the piezoelectric interface. Addi-
tionally. the channels are percolating throughout the cermet
with a 3-3 connectivity.™ The size of the oxide phase inclusions
is ~100 nm (Fig. 2(c)). Figure 2(d) shows a Moire tringe

Fig. 2. 2. SEM image of the cermet: (b TEM planar view image of the cermet: (¢) TEM bright-field image of the multiple oxide inclusions within
the memiiis lead phase: (d) Moire patterns within the cermet lead crystallites: und (e) selected-urea diffraction photograph of the cermet. showing

fing puiarns of the phases.




AR

Table I.  Compurison between Lattice Spacings
Obtained from TEM and International Centre for
Powder Diffraction Data Files

d-spacing 1A
Maonad TEM XRD ICPDD* Card No.
ZrT:0. 3.59 3.61 34-415
2.93 2.93
253 2.516
201 213
1.81 1.806
PO 3.87 3836 26-577
2.879 2.872
223 2235
1.59 1.584
2.879 2872
Lead 2.879 2.853 4-086
2.49 2475

~tnternonai Centre for Powder Diffraction Data. Newtowne Square, PA,

pattern contained within the metallic lead crystallites. Closer
inspection of the Moire fringe contrast reveals a dislocation
structure associated with lattice parameter changes and very
litle suggestion of lattice rotation as the source of the internal
stresses. -~ Figure 2(e) is a selected-area diffraction pattern

(c)

Fig. 3.
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revealing ring patterns of the oxide phase ZrTiO,. The system-
atic diftraction rows noted in Fig. 2(d) are assoctated with the
larger metallic lead crystailites. The obtained lattice spacings
are compared to the Intemational Centre for Diffraction Data
(Newtowne Square. PA) files for these different phases and
listed in Table L. .

Electron micrographs of the cross-sectional region between
the vermet and the ceramic are shown in Figs. 3(a)-(d).
Figure 3(a) is an SEM micrograph of the cermet/ceramic inter-
face. A typical bright-field micrograph of the intertace is illus-
trated in Fig. 3(b): the volume reduction of the cermet phases.
along with the pores and channel formation. is shown. No
special crystallographic orientation reiationships have been
tound in this study; we believe this is the result of the textured
lead-metal crystallites being first nucleated and grown from
the random orientation of the piezoelectric ceramic grains.
Figure 3(¢) shows a diffraction pattern from the piezoelectric
grain: the elongated spots in the (110} direction are typical
of the ferroelectric twin structures found in PZT grains.'?
From the microscopy. it is clear that the interface between the
cermet and ceramic is relatively uniform. The roughness of
the interface, being only over a few grains along the length of
the cermet—ceramic, is represented schematically in Fig. 3(d).
Figure 4{a) shows that there are two regimes within the perov-
skite oxide resulting from the reduction process: these regions
are labeled I and II in the SEM micrograph of a fractured

ceramic

e P

(d)

2 SEM image of the cermetceramic interface: (by TEM bright-field imuge of the interface: (¢) dittracnion pattern of the PLZT ceramic.

showinz piit reflections {001] zone ispot splitting consistent with {110 t+ins domains) and (d) schematic representation of the cermet/

Cerumil mrerTuca,
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Fig. 4. =M micrographs of (a) the interface. showing the two regions exisung within the peroVskite oxide: b1 fracture of region I: and (c) fracture

ot region [I.

:mic interface. Region I reveals transgranular frac-
:» region [I reveals intergranular and transgranular
fracture »~2: is predominantly intergranular. Also observed within
the grairs > the comple'( ferroelastic domain structure typical
ofa PZT '=~oelecmc

The J:Z2rence in the fracture behavior is believed to be the
result or zx :initial modification of the grain boundaries in the
form or l2:J oxide loss and reduction from the grain boundaries.
The proc2ss is the first stage of the reduction process, with the

cermet,car
ture. whear

second sizz2 being the full reduction of the PZT grains into
the cerma:.
The m:crastructure features obsenved above account for the

evolutier: 27 the cermet phase in the reduction process. as noted
by Haerziinz.” Figure 5 summarizes the general features of the
reducticr. trocess: the evolution of the thickness (x) versus
reductior: :me ¢) does not follow the ideal parabolic relation
(x = (D: *. where D is the diffusion coefficient). The micro-
graphs s-ave. with the volume reduction and the channet for-

mation. -Luld account for this departure The chemlcal'

reduction zrocesses also are listed.”

{2) Physical Properties

In our previous study of the resonance behavior of
RAINBOW materials. we modeled the impedance data assum-
ing simiizr zlastic behavior between the ceramic and cermet
phases. Considering the new microstructural evidence, we
reconsicarz4d this basic assumption.

The dz:2rmination of the fundamental thickness mode allows

precise mzzsurement of the elastic stitfness coefficient. C2,
using the “~ilowing relationship:
" 2
... C% .
“tr= — : (b

{2

where ¢ ©+ 7o thickness of the samplg. 7, the parallel resonance

frequency. and p the density. Geometrically determined densi-
ties reveal similar values for sections of the cermet phase and
c2ramic phase: p = 7.5 X 10" kg'm~". This similarity is a direct
consequence of the porosity contained within the cermet phase.
The obtained C%, value for the nonreduced material is 15.5 X
10 N-m™2 within the tvpical range expected for soft PZT."
For the RAINBOW material. this valde is only C% = 14.4 X
10° N-m™. By varying the refative thickness of the piezoelec-
tric and modeling the composite 2lastic stiffness with the series
mixing:

1 tn,(
C~ t [lm
where .. is the piezoelectric thickness. ., the cermet thickness
+the total thickness is simply the sum of the components: i.e..
L= o= t). CP,, the piezoelectric elastic stiffness. and
.- the cermet elastic stiffness. Then. knowing C2,, and
arying r... deduction of C3u., is possible. An average value of
‘(_'.0-1- < 10" N-m~* was obtained. Further verification of the
elastic coefficients was obtained from acoustic microscopy.
Acoustic microscopy allows direct determination of the elastic
coerficients via the velocity of the acoustic wave transmitted
through the material. A comparison of the two techniques is
prasenied in Table L. where good agreement is shown between
these measurements. A reduction in stiffness within the cermet
structure is noted: the metallic lead and interconnected porous
structure account tor this result.

Additionally. the lateral extensionat mode of the RAINBOW
cantilever can be determined. Figure 6 shows the resonant
fraquancy versus inverse width ¢ [ wy of the nonreduced piezo-
2lactric cantilever with both ends tree. Under these boundary
conditions. the resonant freguency can be expressed as

(2)
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Table I1.  Elastic Stiffness Constant (C%,) Values
Obtained from Resonance Method and Acoustic Microscopy

C2(X 107" N-m™9)

Technique Cermer Piezoelectric
Resonance 10.04 15.49
Acoustic microscopy 9.93 15.52

L

L 1V/CE vz
. _ { L[ et ;
f=0 (W>( 5 ) (3
where sv is the width of the piezoelectric sample. p the density.
and C£, is the effective elastic constant where

1

Ci, == 4
" SRA - o) “
§%, is the elastic compliance. and ¢ is the Poisson ratio. From
Fig. 6. we can obtain C&; = 8.63 X 10" N-m™*. Also. via the

bending mode. the scan is obtained directly:'?

/2
tf 1
— 2 —] — 4
£ 1'0'79L3(Sf,p) 3

where L is the length of the cantilever. 5§ was determined to be

13.36 # 107" N-m ™%, From Eq. (). o for the nonreduced phase

was determined to be 0.366. Such a value is in good agreement
with a previous reference’ and confirms the validity of the
technique. In the lateral direction. the resonant frequency was
independent of the reduced and nonreduced phase thicknesses
(Fig. 7).

To complete this characterizaton. the coefficient d,, of the
piezoelectric element was determined. From the resonance
method. the d;, value obtained was —1350 X 107> C/N. A direct
technique. the double-beam laser interferometer, was used to
verify the dy, value.'” Under an alternating-current- (ac-) driven
electric field along the polarization direction (£,), the sample
deformation (AL,/L,) and the strain (§,) are measured.
Through the converse piezoelectric etfect:

S (ALJLY)
d:-l - EJ - E_1 (6)

The obtained d,, value of =141 X 107" C/N is in good
agreement with the previous value deduced from the resonance
method. Such a value is more characteristic of a hard PZT than
that expected for the soft PZT swudied." This lower d,, value
can be explained by a reduction in the extrinsic domain wall
contribution to d;, in the soft PLZT due to the high transverse
constraining stress.”® From these piezoelectric resonance mea-
surements. the cermet microstrucrure clearly influences the den-
sitv and elastic stiffness of the RAINBOW structures. which. in
wurn. controls the resonant modes.
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Dielectric measurements have been performed from room
temperacure up to 250°C for nonreduced PLZT and RAINBOW
samples. Figures 8(a) and (b) show the corresponding tempera-
ture dependence of the dielectric constant, €', at different fre-
quencies. [t is interesting to note that removing the electrode on
the reduced face of the RAINBOW material does not change
the obtained results. verifying the conductive cermet phase to
be suitable as an electrode material. The Curie temperature is
~200°C and remains the same when the frequency increases.
Such a result is in agreement with a nonrelaxor such as PLZT
and corresponds to a composition similar to 6/65/35, which is
that of a ryvpical soft PZT. The dielectric permittivity of the
RAINBOW material shows a dispersion typical of a space
relaxation over the measured temperature range. The room-
temperature dielectric behavior shows a relaxation, character-
ized by a simultaneous maximum of the imaginary part of the
permirivity. €”, and decrease of the real part of the permittivity.
g'. (Figs. 9(a) and (b)). The microstructure observed in Fig. 4(a)
is believed to be the origin of this space-charge relaxation. By
systematically polishing away the cermet layer and region I
and making impedance measurements. the dielectric response
confirms this hypothesis on each combination of layers (Fig. 9).
The physical removal of region I the prereduced grain-
boundary piezoelectric region. leaves no space-charge polariza-
tion effects at room temperature in region II. Therefore. the
differences in capacitance and resistance from these mixed
regions give the space-charge contribution. The relaxation
observed at ~1 kHz depends only on the electrical boundary
conditions. and this is not believed to be the result of the
stress inherent in the RAINBOW material. This last effect is
considered only on the elastic properties.

IV. Summary and Conclusions

A structure-property relationship study of the RAINBOW
cermet—eramic has revealed new insighrs into the formation
process. the microstructure. and electromechanical properties.
The cermet microstructure consists of an interconnected metal-
lic lead phase and an interconnected porous structure, with
unreducad oxides ZrTiO, and La.0. embedded in the lead metal
matrix as inclusions. The cermet/ceramic interface is relatively
sharp. but there is a prereduction of the grain-boundary phase
in the ceramic. The prereduction modifies the -grain boundary.,
as observed in the fracture properties of the ceramic. The pre-
reduction and nonreduced regimes (regions I and II) in the
ceramic create a space-charge polarization.
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Physical properties that determine the resonance behavior.
such as density and elastic stiffness, are given considera-
tion with the observed microstructure. Measurements of the
elastic stiffness of the cermet were obtained via a thickness
resonance mode and acoustic microscopy and showed excel-
lent agreement.
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Determination of Young’s modulus of the reduced layer of a piezoelectric
RAINBOW actuator
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The reduced and internally biased oxide wafer (RAINBOW) actuator, a new type of monolithic
piezoelectric bending device, is composed of a reduced electromechanically passive laver and an
unreduced piezoelectric layer. The determination of the elastc properties of the reduced layer is
important for optimizing actuator performance. In this paper. an analytical expression for bending
resonant frequency is derived for the cantilever RAINBOW acrmator by using composite beam
theory. A resonance method is then described for determining Young’s modulus of the reduced
laver of RAINBOW actuator. As a piezoelectric bending actuator. RAINBOW can be excited by its.
electromechanically active PZT layer without using any external excitation method. Young’s
modulus can be calculated by measuring its resonant frequency. sample geometry, and densities of
component parts. For comparison, the Young’s modulus is also determined by measuring the
resonant frequency of a completely reduced plate with an external acoustic excitation method. The
results obtained by these two excitation methods show good agreement. © 1998 American .

Insritute of Physics. [S0021-8979(98)05010-5]

I. INTRODUCTION

In past few vears, there has been a considerable research
interest in developing novel materials and devices for elec-
tromechanical applications.' Piezoelectric ceramic actuators
convert ¢lectrical energy into mechanical energy via the in-
‘verse piezoelectric "effect. while piezoelectric ceramic sen-
sors convert external mechanical energy into an electric sig-
nal via the direct piezoelectric effect.” Due to these unique
electromechanical properties. together with some other ad-
vantages such as light weight. distributed characteristics.
high coupling factor, quick response. low energy consump-
tion and low cost. piezoelectric or electrostrictive ceramic
solid state actuators are receiving much attention for numer-
ous applications including micromachines. acoustic sensing,
loud speakers. active vibration control. etc. The most typical
piezoelectric actuators include muttilayer stacks with internal
electrodes. bimorph/unimorph benders and flextensional
composite actuators ‘‘moonie’’ and “‘cymbal.’’>~* The ad-
vantages of the multilayer actuator are its large generative
force and quick response speed. But small displacement and
high capacitance make them impractical for certain applica-
tions. Bimorph or unimorph benders can be used in the cases
where large displacement is desirable and low force can be
tolerable. For applications where intermediate level displace-
ment and generative force are required. composite actuator
moonie and cymbal can be applied. However, in all these
actuators reliability is always a concern. Performance degra-

dation. delamination. as well as fracture are usually observed -

in these actuators in practical applications due to bonding or
structure problems. especially when under high field and

“Electronic mail: gxwd @psu.edu
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long time periodical driving. More recently, a new type of
monolithic piezoelectric/electrostrictive bending actuator,
namely RAINBOW (reduced and internally biased oxide wa-
fer) device. was developed by Haertling® in Clemson Univer-
sity. It was reported that the RAINBOW actuator offers some
unique advantages over conventional bimorph and unimorph
actuators such as: (i) monolithic composite structure provid-
ing good reliability, (ii) large axial displacement level due to
its domelike configuration. and (1ii) high mechanical strength
due to the existence of internal compressive pre-stresses.

Since the appearance of the RAINBOW actuator. con-
siderable research work has been condiced to characterize
the electromechanical properties of this device.”™'* It is be-
lieved that the reduced layer has a different elastic modulus
with the active piezoelectric lead zirconate titanate (PZT) or
lantanum modified lead zirconate titanate (PLZT) ceramic
layer. To achieve maximum ourput displacement and force
level from the RAINBOW actuator. a suitable thickness ratio
of reduced layer and PZT or PLZT layer has to be designed
and fabricated, which in turn requires the determination of
the elastic modulus of the reduced layer in this composite.
However, when discussing the characteristics of RAINBOW
actuators. previous works”'? simply assumed that the re-
duced layer has the same Young's modulus as the piezoelec-
tric PLZT layer, which may lead to inaccurate resuits in ac-
tuator design and fabrication.

Several methods could be used for accurate determina-
tion of elastic modulus. One is ultrasonic pulse-echo
technique.!! In this method. an uitrasonic beam is generated
by a transducer which is artached to the measured materials.
By measuring the sound velocity in the medium, the elastic
properties can be determined. The other is the resonance
method. By measuring the resonant frequency, elastic prop-
erties can be calculated because resonant frequency is related

© 1998 American Institute of Physics
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FIG. 1. ta) Schematic drawing of a cantilever RAINBOW actuator; (b)
actual cross section of RAINBOW actuator; (c) transformed cross section.

to the structure, elastic properties and dimensions of mate-
rial. For direct measurement of Young’s modulus of the re-
duced laver of a thin RAINBOW actuator, the ultrasonic
pulse-echo method may have some technical difficulties due
to the small density difference between the reduced layer and
remaining piezoelectric layer. The echo reflected from the
interface berween these two layers could be too weak to mea-
sure precisely.

In this paper, the resonance method is used to determine
the Young's modulus of the reduced layer of a soft PZT-
based thin cantilever RAINBOW actuator. Taking into ac-
count the composite beam structure. an analytical expression
is derived for the bending resonant frequency. Conveniently,
the RAINBOW actuator can be driven internally due to its
piezoelectric nature. Young's modulus can be calculated by
measuring its resonant frequency, sample geometry, and den-
sities. For comparison, the Young's modulus is also deter-
mined by measuring the resonant frequency of a completely
reduced plate with an external acoustic excitation method.

Il. BENDING RESONANT FREQUENCY OF
CANTILEVER RAINBOW ACTUATOR

The structure of a cantilevered RAINBOW actuator is
shown schematically in Fig. 1(a). Bending deformation oc-
curs during the reduction process in the RAINBOW actuator
due to a thermal expansion coefficient difference between the
reduced conductive layer and the remaining PZT or PLZT
layer. which generates large internal stresses. Therefore, the
structure of a cantilever RAINBOW actuator is basically a
curved composite beam. We assume that the thickness of
reduced and piezoelectric layer are t, and ¢,, respectively.
The transformed section model'? is used to redefine the
RAINBOW structure. v

Figure 1(b) shows the actual cross section of a RAIN-
BOW actuator. The effect of electrodes is ignored here be-
cause their thickness is much less than ¢, or ¢,. The trans-
formed section method for the composite beam allows the
width of the beam layers to be proportioned by the ratio of
their Young's modulus, thereby defining the entire beam as
having one Young's modulus. If the modulus for both re-
duced layer and piezoelectric layer are E, and E,, respec-
tively. the transformed width of the reduced layer is £, /E,
of its original width as shown in Fig. 1(c). The transformed
structure behaves as though it has a single modulus of E,.
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The neutral axis of the transformed RAINBOW cross
section is equal to the moments of the areas of the trans-
formed layers divided by the total cross-sectional area'’

(E,1Ep) wt (2 d2)+we,[t,+ (1,/2)]
(E,/Ep)wt, ~wt, ’

n= 49
where n is the position of the transformed neutral axis mea-
sured with respect to the bottom of the reduced layer. Using
the parallei-axis theorem,? the area moment of inertia /, is
calculated for each layer as a moment of inertia plus a term
relative to the transformed neutral axis, i.e.,

we t '24 wel t, \?
IC=A—15-+Awt, n—z{, *Ti—-i-wtp t,+-2——n ,
2

where A=E,/E,, the equivalent flexural rigidity of the
RAINBOW actuator is, therefore. E,/., and this can be used
in Eq. (3) to determine the nawral bending resonance
frequency,'* f;, for a beam fixed at one end and free at the
other (i.e., cantilever) with uniform mass per unit length m
and the length L:

A E L\
f’:Zﬂ'L m ) &)

Here. Young’s modulus of the piezoelectric layer £, has to
be used because the reduced layer has been transformed with
respect 1o it. \; is the eigenvalue where 7 is an integer that
describes the resonance mode number; for the first mode,
A =1.875, and for the second mode. A,=4.69.

For the uniform cantilever RAINBOW structure, the
mass per unit length can be expressed as :

m=w(t,p,+1:p,), @)

where p, and p, are the densites of piezoelectric ceramic
layer and reduced layer.
Substituting Eq. (1) into Eq. (2). we have Eq. (5):

3 3 . 2
Awtr  wi,  Awrt, (1,+1,)

TR aner ©)

I.=

Therefore. for the first bending resonance mode, the resonant
frequency can be expressed as:

VS o mLA\ e, the,) (12127 4
a2 (6)
RS- ¥ 4 of

- Assuming the Young’s modulus of the piezoelectric layer,

the thickness of both reduced layer and piezoelectric layer,
and materials densities are known. from the measured bend-
ing resonance frequency, Young’s modulus of the reduced
layer can be calculated using Eq. (6).

As a special case, when E=E,=E,, p=p,=p, and ¢
=1,+1,, Eq. (6) can be simplified to:

3.52:( E ) 12

= | — 7
4L\ 3p ™

h
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This is exactly the fundamental bending rescnance frequency
for a cantilever single beam structure and for a cantilever
bimorph actuator. '

lil. EXPERIMENT
A. Preparation of RAINBOW actuator

The preparation processing for the RAINBOW actuators
is similar to that reported by Haertling.” Commercial Mo-
torola soft PZT 3203 HD (5H-type) ceramics were purchased
for fabricating the RAINBOW actuator. The rectangular ce-
ramic block was cut into thin plates with dimension of 55.0
mmX 15.0 mmX 1.0l mm. After cutting, the ceramic plate
was placed on a piece of high density flat carbon block with
ground surface. This assembly was then heated to 975 °C
with a heating rate of 300 °C per hour in a furnace at normal
air atmosphere. The PZT ceramic plate was treated at a tem-
pe-ature of 975 °C for 8 h and then cooled down to room
temperature rapidly. Here, to achieve a certain reduced layer
thickness. a suitable reduction temperature and time should
be chosen. which depend on material properties such as grain
size, density and chemical nature. The reduction of the PZT
ceramic plate occurs as a result of oxidation of the solid
carbon block. As a consequence of this heat treatment, an
electrically conducive but electromechanically inert layer
with black color was formed. Due to the thermal expansion
mismatch between the reduced layer and the PZT layer, large
internal stress was generated in the the ceramic part, which
results in bending deformation of ceramic plate after cooling.
A very sharp reduced layer/PZT interface was observed by
using an optical microscope and the thickness of the reduced
layer and PZT layer, ¢,=0.42 mm. r,=0.60 mm, are mea-
sured. The RAINBOW actuator was then electroded by sput-
_tering gold on the major surfaces and poled under a dc field
of 2.0 KV/mm in fluorinert poling oil at 90 °C for | min.
After poling. it was observed that the RAINBOW actuator
become flatter. indicating that the internal thermal stress was
partially released. :

B. Measurement

Usually there are three methods that may be used to
excite the thin cantilever structure for resonance
measurement: "> (1) acoustic excitation using a loud-speaker;
(2) mechanical excitation using a piezoelectric transducer:
(3) photothermal excitation using a laser beam. In the case of
resonance measurement of the RAINBOW actuator, due to
the intrinsic piezoelectric activity of poled PZT ceramic
layer. when the electric field is applied on the PZT layer,
lateral dimensional change will be induced. However, this
dimensional change is opposed by the reduced layer. As a
consequence. a bending vibration is generated. As in any
other piezoelectric resonator, drastic changes of both electri-
cal impedance and phase can be observed at bending reso-
nance. Therefore, the resonant frequency of the RAINBOW
actuator can be obtained through impedance/phase spectrum
measurement under electric field excitation. An impedance/
gain phase analyzer (Model HP4194A, Hewlett-Packard Co.,
Palo Alto. CA) was used for resonant measurement. To mea-
sure the Young's modulus of the PZT layer. a cantilever PZT
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FIG. 2. Acoustic excitation for resonant frequency measurement.

‘bimorph actuator with similar dimension was prepared by
bonding two thin PZT plates with opposite polarization di-
rections (series connection). The dimension of each PZT thin
plate is 60.0 mm in length, 6.68 mm in width and 0.55 mm in
thickness. The thickness of silver epoxy bonding layer is less
than 10 um. Thus its effect can be ignored. The bending
resonance frequency of the bimorph actuator was also ob-
tained through the impedance/phase measurement. Densities
of completely reduced samples and PZT ceramic samples
were measured by using a water immersion method.

For comparison, the Young's modulus of the reduced
layer was also determined by measuring the resonant fre-
quency of a completely reduced thin plate with the external
acoustic excitation method. In this case Eg. (7) was used.
The experimental setup is shown in Fig. 2. A variable-
frequency signal generator is connected to a small loud-
speaker 1o produce a mechanical driving vibration. One end
of the sample is clamped. An optical displacement measure-
ment system (MTI 2000 Fotonic Sensor, MTI Instrument) is
used to detect the amplitude of vibration of the cantilever. A
very small mirror, made by sputtering thin gold film on a
small glass piece, is attached to the cantilever tip for reflect-
ing the incident light from an optic probe. A lock-in ampli-
fier ISR830 DSP, Stanford Research System, Inc.) which
synchronized with the output voltage of the signal generator
is used to measure the output signal from the MTI sensor.

IV. RESULTS AND DISCUSSION

Densities of reduced layer and PZT ceramic are listed in
Table I. It is found that the reduced layer has a higher density
than PZT ceramics. The density change is due to the loss of
oxygen and the formation of heavy metal Pb during the re-
duction processing. X-ray diffraction analysis indicated that
the reduced layer is a mixture of metal oxides such as ZrO,
and TiO,. metal Pb, and partiaily reduced PZT ceramic
phases. Scanning electron microscopy (SEM) observation
demonstrated that a continuous lead metal phase is located

TABLE 1. Physical properties of biezoelecn-ic PZT-based RAINBOW
actuator.

Density of PZT layer ' p,  7.839 gymm’
Density of reduced layer or 8.013 ¢mm®
Thickness of PZT layer r, 0.60 mm
Thickness of reduced layer t, 042 mm
Young's modulus of PZT E, 34x10' N/m?
Young's modulus of reduced layer E.  2.88x10" N/m?
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FIG. 3. A typical electrical impedance/phase spectra for a cantilever piezoelectric RAINBOW actuator with dimension of L=44.6 mm, w=6.31 mm, ¢,=0.42

mm, and ¢, =0.60 mm.

intergranularly around the oxide phase which contributes to
the metallic conduction behavior of the reduced layer.!” The
metal phase has a much larger thermal expansion coefficient
than PZT ceramics. When cooled down to room temperature
after reduction, large thermal stress will be generated, which
causes the bending curvature of RAINBOW actuators. How-
ever. this residual thermal stress can be partially released in
the poling process. Under dc electric field, ferroelectric do-
mains. oriented favorably with respect to poling field, grow
in size at the expense of those less favorably oriented. Non-
180° domain reorientation will cause dimension change. As
a result. there is a small expansion along the poling axis and
a contraction in the direction perpendicular to the poling
axis. This domain orientation during poling will tend to re-
duce elastic energy existing in the sample. Therefore, the
RAINBOW actuator become flatter after poling.

For the determination of the bending resonant frequency
of the cantilever RAINBOW actuators, the electrical imped-
ance and phase spectra of pre-poled and electroded RAIN-
BOW actuator were measured. Figure 3 shows a typical im-
pedance and phase spectrum for a cantilever piezoelectric
RAINBOW actuator with a length of 44.6 mm. At bending
resonance, according to the electromechanical coupling in
piezoelectric materials, the electrical impedance reaches
minimum, which can be read out directly from the HP im-
pedance analyzer. After the determination of the bending
resonant frequency, the Young’s modulus of the reduced
layer can be calculated by simply using Eq. (6) if the
Young's modulus of the PZT ceramic layer and the thickness
of both reduced layer and PZT layer are known. The thick-
ness of the reduced layer and the PZT layer, which is mea-
sured by an optical microscope. are also listed in Table I.
The bending resonant frequency of the bimorph actuator was

also measured by the same technique for the determination
of Young's modulus of PZT ceramics.

To reduced errors in the measurement of resonant fre-
quency, several RAINBOW and bimorph actuators with dif-
ferent lengths but the same thickness and width are used in
the measurement. In Egs. (6) and (7), the bending resonant
frequency f, is proportional to UL

1 .
f,=kXZZ- (8

by plotting the bending resonant frequency f, against /L2 a
straight line should be obtained with a slope:

172 3 3
_3.52( E, ) [Arj oo At
tppptt,p:

2112
(t,+1p)

2w 2 12 4
At +1,

©)

for cantilever RAINBOW actuators, or:

. *3.52t[ E, \'? | .
k‘ﬁm) | 1o

for bimorph actuators so that the Young’s modulus can be
calculated.

The bending resonant frequencies f, as a function of 1/
L? for both cantilever bimorph and RAINBOW actuators are
depicted in Figs. 4 and 5, respectively. As expected, straight
lines are obtained in both cases. The Young’s modulus of
PZT ceramics was first calculated from the slope of Fig. 4.
The result is £,=3.4% 10'° N/m". This value and the slope
obtained from Fig. 5 are then substituted into Eq. (9), and A
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FIG. 4. Bending resonant frequency f, as a function of 1/L? for bimorph
actuator: bimorph thickness ¢=1.1 mm, width w=6.68 mm.

can be calculated through nonlinear numerical fitting. The
result is A=0.84739, thus the Young’s modulus of reduced
layer is obtained: E,=2.88X 10'° N/m?,

The value of Young’s modulus of PZT ceramic thus ob-
tained is on the same order of magnitude but lower than the
data provided by the manufacturer, which is £, =6.2x 10'°
N/m>.'¢ The reason for this may be due to the difference
measurement technique. It was found that if we substituted
these data to calculate the Young’s modulus of the reduced
layer, the result obtained: was unreasonably low. For com-
parison purposes, a completely reduced thin sheet was cut
for the direct measurement of Young's modulus. A small
loud-speaker was used as an external acoustic excitation
source for the determination of the fundamental bending
resonant frequency of a cantilever beam made from this
completely reduced plate. In Fig. 6(a), the vibrational ampli-
tude and phase of this cantilever beam is plotted against the
driving frequency of the loud-speaker. Its bending resonant
frequency can be determined, which corresponds to the am-
plitude maximum of the cantilever vibration. Fig. 6(b) shows
the plot of resonant frequency against 1/L%. From the slope,
the Young's modulus of this reduced sheet can be deter-
mined by Eg. (6). The result is E,=2.98X 10'® N/m?, which
is in good agreement with the calculated value, indicating

600 ——l
g Slope = 0.32691 E
“ ]
Z - 400 3
g ]
3 3
3 -
& 300 -
g ]
: ]
g 200 -:
£ - ]
E 100 -
23 -
@ ]
0 A i 1 A A 3 A 1 1 . h

0 500 1000 1500 2000

112 (m?

FIG. 5. Bending resonant frequency f. of RAINBOW actuators as a func-
tion of 1/L? for Young’s modulus determination: 7,=0.42 mm. r,=0.60 mm.
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resonant frequency f, as a function of 1/L* for 2 completely reduced can-
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that the calculated value is valid. The small difference may
be accounted for by the fact that the reduced layer in a
RAINBOW actuator is subjected to internal stress, while the
completely reduced sample is free of internal stress. The
measuremental error is another possible reason. v

On the other hand, because the RAINBOW actuator can
be regarded as two different layers bonded mechanically in
parallel to the length direction. The Young’s modulus of the
whole composite beam structure along the length can be rep-
resented by the empirical mixing rule:’

Et.=E,t,+Et,, _ (11)

where E. and ¢, are the effective Young’s modulus and total
thickness"of composite beam. We can calculate E, by Eq.
(10) using the slope of Fig. 5 and the density of composite
pc» which is obtained by p.f.=p,t,+p,t,. The result is
E.=3.125x 10'® N/m?. Substituting this result into Eq. (11),
E, can be calculated as: 2.73X 10'% N/m?, which agrees quite
well with the value calculated by Eq. (9). However, it is
believed that Eq. (9) is more accurate for Young’s modulus
determination.

The accuracy in the determination of Young’s modulus
depends on the errors introduced in the measurements of
density, thickness, length and resolution of resonant fre-
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quency. It is estimated that the inaccuracy is less than 10%%.
indicating the obtained Young's modulus is quite reliable
and can be used for optimization of the RAINBOW actuator
performance. 8

V. CONCLUSION

An expression relating bending resonant frequency with
Young's modulus of a RAINBOW structure is derived using
composite beam theory. The Young’s modulus of the re-
duced layer of the RAINBOW actuator is then determined by
the bending resonant frequency measurements through both
piezoelectric and external acoustic excitation methods. The
results obtained by these two methods showed good agree-
ment. Compared with PZT ceramics, the reduced layer has a
lower Young's modulus, which is probably due to the pres-
ence of metal Pb phase in the reduced layer and relative
loose structure after the high temperature reduction process.
The electrical impedance/phase measurement technique has
been shown to be a reliable nondestructive method for the
Young's modulus determination.
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Bimorgh consists of piezoelzciic sezments bonded by 2 pelymenic ageat and was fatrcaed by a
é

A piezcelecric bimorph mznsducer utilizing piezoeiszczic ¢;; ccefficient was developed. This
layering technique. The Tansducsr has superior plezceizemic characteristics compared to

icing =ad
standard piezcelecwic 4 bimorghs. PlezoelecTic coerffzizacs, elsciical admittance, meziznical

-

iznce, and losses of the acruzror were found to increase with increasing driving siscuic Sald.

piiznce,
S66 American Institute of Physics. [S0003-6951(9610<C<0-5]

e s - -
many }»'c::s' and ars widely used for ef3cient intsrconversion meat A schematic view of the deveioped caterpillar-type

of alzzwticzl ané mechanica] easrgy. A yrical piezoeleszic £33 wimerzh is shown in Fig. 2 From Fig. 2 it is clear thar,

-
: > —— o vt 3 3 Troye] M i - . \ . . . .
bimorsh ==nsducsr consists of two simiiar piezoeleczic when the siszoelectic plate caangss its length under the ap-
HAT e 1 1 rhay 1 ¢ $ 3 . .o . " P -.. . es s
piatas poied aieng their thickness (Z axis) and achesively siiad volitage V. it causes bending of the candieves, Uniike in

-rammne
s

TiezcelecTic bimorph actuators have besn knowm for zicng the poiar axis is used to generme flexural displace-

condag togerher (Fig. 1): in the f 1 piezcelesTic/ . s . . e e
bonasc e (Fig. 1): in the case of 3 piezcelecTic/menl he swndard g -type bimerph asmater (Fig. 1), the beading

simersh 2 mam=i siare is replaced for cne of e piezosisszic .. . L .
Gt . A =t =orzenc in thase wansducess is saused by piezoelesTic dig

ciatas. Insteacd of 2 “‘piezoeiscTic/mer] dimorph™ nowmbon. 22 ciame To fabricas the du Simomh th al olaca :

s " . P ) ; oL sceffciane To fabricaws the 4. Simer e

wa will usa “usimcersh” in e semss =2r dis type of bi- o= 33 SL=eh Qe medl platz 1S

. .

repiaced 3v 2o idendezl piezesiec=iz siats. [n this case the

mcron os oniy Sne siezoeizemic plare. Claxsly, the dexurz - R

dispiccament in :=is acmaror is caused 3y the piezoeieszi criving velnnge Is appiied in suct 2 way tat mechanical
afacs (4;)in e Firecdon permendicuic 0 e solar P axgs.  STmins generacad in the op and 30mim piezceissmic siares
Toa2 swtic oo dsgizcsment 7 and comeszoading diccidag =2ve cooosie signs.

Torse Sy m=0) of Qs piezosisczic Simers candlsver can Tas exgerimentad process zdozied for fatricadag tha
32 wriman as” . saasducer is dascmtad teicw, Inidally, a swmek of

tlemilan eiammalanes aian-—nc'.a' -;-vas poled along m:zr

- 2 Eorotdted et t intolti-clopl ot} sterelel e jieled
==, =1, tmicimass s fooricatad. Adjacens niziss jave opposits dirac-
- ©sas of spentaneous polarizaticn P. The piares ars bonded o

—~
=)
p—

g - K taim laveam af e menys S T
S22 CINer DV 2 very wmin aayer of JInIuctve Jelvial. Lol

34w . )
Fa=g=——=% : . e swEcicls silzed by means of @ Sizmond saw in the siane
L -

sarzilsl io the Zirscdon of spenanecus pelarizazon. To fab-

- . e o -t -

whaes 2., g vme mlesnelasms snadlsisar of o the mammani =222 2 unimorzh tunsducen Be siced siate is glusd 10 2
- - aw e Iy ::: - hbet i vol_tedubad o3 X - . -

T ewe - - r.-q-v
. ‘e - . <a . . . . N — 7 mesom oo -2 Sevmes H J - -
c2i cormpiiznes = Re direczen Y under e soastant 2isgmic metai subswzie (ses Fig. 2). Cozdusing sieczodss ars de-

32id z2nd I L w. 2= ; are the Emensicns of (e candiaver scsizad zn e surface of the piesceizeis siate in such 2 way
"Fig. 1) Mischanicol sTess T arising iz e uxioadsd piezo- wmar velimmge Vozppiled o tese sisctuées croducss the same

s aYawwecmms, wme Jle . ad maw wass - ¥

siasTic cantiever under e appiied siecic Jeid is dirscad siszseiszTic sTzin (posidve or a2gzdval in 2ach of the pi-
- Y mwia . . .. ) . -

dlong = X s, szzesiscTic segments comprising s sizte. To make 2 ds3

Commersial siexselecTic bimorph 2smuziors ars usually  pimgrmi 2 mesal plate is reploced 3v 2n identical piezceiec-

- S ot DT maen g ey rhe Aammamerry -~ . . . . . :

TRSE LTom 9f. FLU cemumics with the composidon mear e o gizre. [ris impormaat to note s e conducve polymer

Terphowsgic shase Soundary. 125e ST . pi- i ; g, ! for i
crEnouggic Zhise Souncary. For thas posinons. pt se—-es not caly for slecic conneziag, Hut also for improv-

. - - . : Tl [S1ebet=e0es-24
ezssiscic sseiSzisnr 4. g the soizr ixis and corre- - . — e

e 413 along cf,e ol as and <o ing frasmurs icughness. Thersicrs, e Tansducer developed
csusiing fzeor kj; are 2-12 Zmes larger than =

1. Stucies of the effect of the mechanical sess on
ropertes of the ceramics 2iso show that piszo-
ceificisnt 235 is much less sensicve 0 the compres-

,.
' 1)
<]

e siress 75 aicng e polar axis than scefiicisnr 45, is to
Qe Sompressive soess T perpendicuizs © de polar axis.? !
[[hus. e pissceizsTic Simorph aetustor utiizing d.5 coefi- : f/é : pZ ==
Piznt can 5o sxgpectad o have supetior sharzcterisdes com- ) P et X
bared o 2 singdasd Jy-tvpe bimerph transcucer, ‘ [ 'P !

[n chis l2zer, we sszort on 2 aovel vpe of piezoelacsi . ,
: ¢ unimerzh in which the piezcelestic effes:

13

TIC. .. Simcres siezoeleumic dy, element with serizs connestion. The ves-
]

kT T zsuvm.ssu.edy sgenzneous polanzayun P is direvisd siong the Z axis
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CONDUCTIVEE?

TIG. I A schsmasic view of the cuempillar-type Z5 unimorph acwuator, In
the ==se or 2 Simcrgh consisn’ng of two gmilar ezoelesiric plates, the
seoiazed for the same piezseissmis idte.

mem! piate is 7

-

can sustaiz = =uch larger bending fores without mechanical
faiiuce,
In cur axpesiments we used soft zizzseleczic ceramics

PXIE30 (’?‘Z::: {inade. Inc.) and swinisss steel SS302. The
cemamic ziatas in dhe stack wers Donced using commercial

21TDCS {Master Bond. Ine.)
andé =-Scidar 3025 (Insulagng Mztarizis. Inc). J-B Weald
2pexy (J-3 Waid Company) was us2d or bonding mezal

condussve zZhssives EP2

ang siizceZ ssmzmic piates. Essh plscceizcwic sagment in the
piezosiscTic siztas (Fig. 2) zad e iswing dirmensicns:
so=mr.= 028 mm. ow=1] mm Swiniess stesl plates had

= ‘.2.'. 0.29. an¢ 2.37 ==, For .orncarson.
o 1.“cr_ans ¢ umimomas of ideadeal di-
272 2iso faon

T sharmoiasiza the Tuomsducer devaiczed. the following

sarommatarss o these monsducess i e sandiever configurz-

. -z -

ten +S=23.0 mmy were m:..smm 5t :..:.:.c:r:::::t 7 of the

TT2e 2ndr (EL ziccikdng fores £y, md i sjeczical admit-
- - - 4

wmo2e 23 2 fumodion of dis appiied sieczmz Zaid. All measurs-

memis wers Zona ar g Ieguenev of 100 E3 which is greary

i3 252
45 - 100 Hs !’/'
48 - e 233 Dimormn - o

g - —==- 130 Simorpd 7 - 258
.a e
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FIG. 4. The dependencs of dispiassmer 1nd Yiocking fores for unimorphs

on =2 sicomc feld The Ricimess of e meral plae is 037 mm Thee

=ickmess of B2 dy; bimorph is =09 ==

s2icw 1~ 1 XHz) the Arst resozas: Secuency of the bending

.
s o
visszzons.

== Esplacement and Siccking forss (rms) for bimerzhs

zmd umimcrohs are shown i Fig. 3 oand 4, raspestvely. Itis
Sizzs 2zt e dispiacement of e Iy, azmcmn is abour 2.3
Somas lztzer th :'.n mar of e 25, simeroh and the bicciking
Jorze is zour 1.2 dmes largen Alough the displacement of
2s J;; wnumorpd is smaller 22z e dispiacsment of the
1.3 dmes that of the dj;

b oo

2. simersgh. it is approximaniy
usimmsTeR Tae blocking :cr:: 2f Iz unimorphs is about 2.0
Zomas Rz of the dyy unimerph, Thus, the daveioped 455 bi-
mSrT and unimorph 2cmiatess zave supazior piezscelesTic
Sharzsranisiics compared i Scesz of 45 actuators. Relarive
shzrzsiacisZes of the agove mendsaed mansducess for a low
2iacTic Zeid (~10 Viem) are givez in Table L

There is clexly an opdmai mado 7, /ts for unimorpis
L=a: zves maximum dispiacsmezz” Szuadon (1) for 453 uai-
ZSrERs sz De wrinen {thorcugh wzivsis will be given else-

TAZLE L Reizuve charactenstics of vanmous :vpes of mansducess.

Tipeaf Blocking
Siezseiement Dispizsement forez

£y, simeroh ! ' l

0.41 1.30

:.«7!0.3 -)
&35 simergh plL 1y} 1.52
Gz m.monh [+ o 3.50
iPRISIo/E5502.
1.29405. 37)
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whers E=V/:, ¥, is the Young's moculus of the macal

are, and :-- is the mechanical compiiznc: of ceramics in
the ;'i.-::::on of the polar axis. For bimersh cantilevers the
sAcisnts &y and &y in B3 (2) ars ecual to 1. Theorsdeal
of &4 and &y, and corraspending axpesimental dara
t~izmad from the comparisen of displacements and blockinc
for==s of te &3; bimorph and unimerzhs are given in Fig. 3.
ceizdvely ’*-- differsncs berwesn the theoretically de-
fvaed and :::;c:-:n:::t..lly observed values for the blociing
foroe szn be aribured to the erfect of the Sonding layer (Fig.
2 wiose thickness has besn negissied in s theoretical cal-
gulazions.
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CHARACTERISTICS OF SHEAR MODE PIEZOELECTRIC ACTUATORS
Qinz-ming Wang, Baomin NXu. V. D. Kugel and L. E. Cross
187 Intercollege Matesials Rasearch Laboratory

The Pennsyhvania State University
University Paric PA 16302

gpsrace:  Charucteristics of cantllever shear mode
pi@deﬁﬁ‘ actuator have been investigated. In this
actator configuration, soft PZT ceramic piate was poled
along leagth and driven across its thickness, with one end
mechanically clamped and the other free. Experimental

indicated that relative large tip displacement can
pe obtained through noniinear piezoelectric response at
high driving field. Due to lateral shear force, mechanical
pending aiso coptributes to the tip displacement of shear
mode acmator. The fundamental beading resonant
frequeacy was observed in the frequency range from 150
Hz to 600 Hz. depending on thickness and length of
actaator. We also found that the resonant frequency of
bending vibrzron is dependeat on the driving field
eczuse of elastic nonlinearities. Two layer and muitilayer
hear modeé acmators were also developed to reduce the
diriving voitage. while shifting the beading resonance to
igher frequexncy range by increasing the total thickness
f aczuaror.

y words: 2Z_. Ceramic actuator. Sheas =ode
L Introducdon

Disroeiscic cemmmic maretizis such as  lead
ircopzre dtarare (PZT) have besn desicmed as solid-stare
fruarors and se=sars for many appiicedons such as precision
psiticnizg , ncise and vibraton semsing and cancellation.
ucder specicer. lizezr motor. and many cthes V. The three
ost ccrmmon Soes of plezcelacmic actamiors are muitilaver
TATiC acteaicrs. bimorph or umimorgh scmuarors and
pxtensicnal cormmposite actuators.  Muigizyver actuators, in
hich abcut 100 thin ceramic shests are scicd together with
ternzl eisciroces udlizing the direct exqeztional mode (dss
pde}. are chorucierized by large gemersied force, high
pcremechanics! coupling, high resonant fequency, low
iving veitage z=d quick response tut small dispiacement
el. On the cttoer hand. bimorph or uximorph actuarors
sist of rwo t=in caramic sheets or one cerumic and one
23l shest boeuxzcad together with the poiing and driving
ecticns normzi w0 the interface. When driving, the
ernative extensicn and shrinkage of ceramic shests due to
nsversz mods (dy;) result in a purs bending vibration.
morch  and  unimorph  actuators can generate  large
Clacemment lewe!l tut low electro-meshznic! coupling, low

resonznrt frequency and low driving force. For flextensional
composite actuator, two nTical examples are so-called
*moonie™ and "cymbal” acmawers - which consist of a
piezoelectric or elecroswicave ceramic disk and  meral end-
caps. The ceramic is excited in an extensional mode and the
me:al caps in a flexurs moce The metal end-caps act as a
mechanical transformer converting and amplifying the radial
dispizcement ceramic disk iato linear axial modon. Vegy
large efective d;; cceZicient @n be obtained in "moonie®
and “cymbal” acmators wihicd results in quite large
displacement levels.

Monomorph  actier Y, basically 3 modified
unimorsh acmater, m2ds Som 2 semiconducdve
riesoelecTic cemramic thin sheer coated with cermin
elagzodas. Quite a largs =z dspiacement (100um) arises
&om ke gon-uniform diseTuzicn of the elecic fleld which
ocTurs  ar  semiconducter-rewi slecrode imterface. Tae
mcrermerph acmatoer has 2 sizgie ssructure in which bonding
pregiems usually found in uzi=ergh of bimorph swucTurs an
be avcided A mors s device, Rainbow  actuaror.
Gzvelcped by Haerding', is 2iso 2 monolithic unimorgh-ype
cerzrzmic actuator wihich is grocuced by selecdvely reducing
ore su==ce of a PLZT camm=is worr on carbon black at high
temperzrere. The reducsd ioyer s 2 good slecTical conducor
acd it acts as both the 2iacwcdes and imert part of the
acTzsrer. Taers is g very lge izteranl pre-siress deveicped
in the Rzinbow actuaor funing reducing procsssing. It was
reporzac ¥ thar Rainbow acmzear s capable of achieving very
high axdal displacement (>1000 =) and sustining moderate
pressuses. ,

Chbviously. mechanics! zoton genersted by all the
above czramic actuators utiizes or is related to either dis
longrudinal mode or dy unsverse mode. It is interssting to
ncte thar although the d,; wiick ssupies to the shear modz= is
the nighest coefficient in sot PZT csramic materi
piezoeiscic shear vibration zode is seldom used in actuaror
and waoscucer applicatons. [n this paper. cantilever shear
meda agmearor and its charzcteriscs will be presented. [n this
actuaror. ceramic plate is oied along length and driven
across its thickness with one and slamped and the other ead
fres. TEe advantage of canulever shear mode acmator is its
simple. monolithic strucree which allows for easy
faericaticn. However, its dispizcement level is refatively low
ccmparizg with bimorph or uzimorsh actuators.




I1. Experimental Procedures

(1) Sample preparation:

In this study, Soft PZT 3203HD (Motorola Ceramic
Product Albucuerque, New Mexico) ceramic material was
used to pregare shear mode acruator. Recuangular ceramic
biock with dimensions of 38.1 mm x 38.1 mm x 25.4 mm
was elecocdad with air-dry silver paste and poled at a
temperarure of 90°C in oil bath for 45 minute under dc
elecic field of 1.8 kV/mm along its length. After poling, ‘the
ceramic block was aged for more than one week at room
temperamure. Then dy; coeficient was measured by using
Beciincourt ds; meter. The measured value, 684 x 1072 m/V,
comparing with 6350 x 10"? m/V provided by manufacrurer
dam shesr. indicates the ceramic block was well poled. Then
the silver elecTodes were removed and the poled ceramic
block was ¢zt into thin plates with 8.1 mm length, 12.5 mm
wicth and thickness from 0.5 mm to 1.6 mm. Gold electrodes
wers spuntered on the major surfacss for applying elecwic
field acess thickness. One end of ceramic plate was clamped
with rigid plasdc support which is mountsd on an optic piare
with micepesitoner (Ealing Elecze-Crdcs, Inc.) while the
other 2nd See.

(2) Measureent

To sharacterize the shear mods actuators. the dp
dispiacemen: was measured as functcn of both frequency and
drving :a.c.. The mezsursment sywam was schematiczlly
shown in Fig i. MTI 2000 Fotonic Seasor (MTI [nstrument)
was usad Sor dispiacement measurement. A small mirror was

Fower : Funcion
Armzifiar Generarer
Lock-n

Amuiifier | | CSieseze

Pz MT! 2000 FOTCNIC
SENSCR

|
/‘- 71

g-*. =Tarmenal Setup for cisplacement measurement

attached on the acmator tip for reflecting the incident ligh:

from optic fiber. When actuator vibrates under ac fielc

driving. the reflected light is detected and transferred tc

voltage signal or displacement signal by the sensor. The optic

fiber head was mounted on an XYZ micropositioner which
provides distance adjustment against the measured actuator.

Manual calibration was performed to determine the
correspondence of displacement and output signai of the
sensor. The AC signal gemerated by DS345 function
generator (Stanford Research System, Inc.) was amplified
through a powder amplifier (790 series, PCB Piezotronics.
Inc.). The output of the power amplifier was then applied on.
the ceramic actuator. A lock-in amplifier (SR830 DSP,
Stanford Research System, Inc.) which synchronized with the
ourput voltage of the power amplifier was used to measure
the qurput signal from MTI seasor. An Oscilloscope was also
used to monitor the applied voitage and ourput signal from
MTI sensor. The madmum ouwtput voltage of the power
amplier is 300 voits RMS. When even higher driving field is
nesded. 3 power sourcs with maximum ourput voitage of 300
Volts is used.

IOIL Results and Discussions

Linear piezcelectic shear suain. tip displacsment
and blocking for pure shecs mods actuaror can be svrirten as:
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Figure 2. Driving field dependencs of tp displacement of shear actuators
withy difTerent thichness (L = 322am, w = 123 mm)
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L. w, and  are actatar length, width and thickness.
sizczr component of the elasic compliance of PZT

ics. Clearly, according to equations (2) and (3), both tp
= ent and blocking force are proportional to driving
§eid. Moreover, tip displacement is indspendent of actuator
. at 3 given field Sbown in Fig 2 is the electric fleld
c= of tip displacement for shear mode actuator with
differet thickness. We can see that rather than predicted by
ea > ﬁpdis;:l::::mcmisdzpendmonacmamrthidmss .
Quite 3 large tip displacement level (40um) was obtained by
shear mode ac=zator with thickness of 0.57 mm under elecmric
feld of about 325 V/mm. For a given field as the actuator
thicknass deT=osss, the tip dispiacement ircreases. And also.
tp displaczme=t is not linearly proportozal to electrical Seid
in this wide dsiving field rangs. Two reasons may account
for these results: zonlinear piezo-elecxic response under high
driving fieid level for soft - PZT czazics: and induced
mecharical bemding due to lateral shear e, _
For fer—oelecwic ceramics sue: zs PZTs, limear
piezoelscmic tespense is observed camly under very smail
sigrai  level T2e matenals prepets provided by
mapurzomeress 2v= all measursd under small signal level.
Eowewz. as driven feld ampiituds incracses, the charge

sk isthe

poniinearly. Corsaguenty, the efecdve dsiscmic constanr
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Figur= 3. T7p discizcement as function of frequency or shear actuator with
t=3.9 mm (L =322 ;mm, w= 123 mm dnving {sid S = 100 V/mm)

and  piezoelectric coefficiests will increase'™. Our
experimental results’® on various PZT ceramic materials
indicate that piezoelectric dis coefficient increases as driving
field amplitude, Especially for soft PZT, nonlinearity occurs
even at relatively low efectric feld level which consequently
contributes to the nonlinear electric field response of tip
displacsment of the cantilever shear mode actuators. On the
other hand, for canrlever shear mode actuator, one end is
mechanpically clamped thus can not generate pure shear
modon under high driving feld Due to this boundary
condidon. 3 lateral forcs which perpendicular to the acmuator
surfacs will be producsd whea driving under electric field. In
the case of thin ceramic piats, mechanical bending will then
be easily resulted which enhances the tip displacsment of
ceramic actator. The thinner the ceramic plate, which is
easier to be bemt thus the larger the tip displacement, The
induced mechanical bending meds can be further clarifed by
Fig 3 which shows frequescy response of dp displacement
for shear acmator with 0.9 mm thickness under driving
field of 100 V/mm The ctserved fundamental bending
resonant frequency is 278 Zz. Experimental resuits aiso
shows that at a givea driving Jeid level, as acruator thickness
imcr=gses. resonant fecuency linearly increases. as shown in
Fig 4 Using the assumrtcn of a2 homogezecus cerzmic
clare. the fundamenwi bezcizg resomamt freguency of 3
carptilever actuator can be sxprassed as:
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Figur= 4. Bending resonant frequezcy a5 functon of acuator thickness
(L =322mm,w=[23mm)




indicating /; is proportional to actuator thickness, which is in
good agresment with experimental data. By Eq. (4), using the
measursd resonant frequency, mechanical compliance 55
could be calculated However, further experimental results
(Fig. 5) show that the bending resonant frequency is strongly
dz;ndent on driving electric field: as the amplitude of
driving field increases, resonant frequency decreases.
Therefors mechanical compliances;, in Eq. (4) is dependent
on driving feld amplimde. This is due to elastic
ncnlinearides of piezoelectric ceramics. [n Eq. (4) sg is the
linear elasdc compliance. When piezoelectric ceramic is
driven under high electric field, nonlinear elastic coefScients
have to be mk=x into account. ,

x, =sIT, s T T, + s, TLT, )

The nonlinear elastc coefficients are directly related to and
account for the shift of resonant frequency @ .

Quite 2 large blocking force can be generated in pure

shear mode vitraton and this shear force is independent of
acmaarer lezgrh (Eg. (3)). However. whea induced bending
vitcraton oc=ars under high driving fsid level. blocking force
will be greeriy reduced and can be wrinaa as:
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Figure 5. Bending resonant frequency s a functon of driving field for
sBear actusor with t= .02 mm

displacement. The blocking force is now dependear or
electric field in a quite complex way since tip displacament is
not a linear function of driving field for cantilever shear macs
acmator.

It should be noted that in piezoelectric shear mode
actuator. large tip displacement can only be achieved when
using thin ceramic plate. under high driving field. In some
arpiicadons which require low displacement level but larga
forcs. two-layer or muitilayer shear mode actuator could be
used In these acmuators, thin ceramic plates with anu-
parallel poling direction are bonded together mechanically in
series and elecrrically in parallel. Low driving voltage couid
be used due to reducsd individual laver thickness.
Experimental results on two-layer actuators indicate that
bending resonant frequency is proportional to the total -
actuator thickness thus can be shift to higher frequescy range
bty using more layers. \ ‘

IV. Summary

Characteristics of tiszoelecaic shear mods acmuator
bzve been investigated. Due o both nonlinear piezoelecwic
response and electric feld incuced mechanical beading, quite
a2 large tp displacement =a be obtained. The resomant
Zecuexncy of bending vitraZen is dependent on the driving
Z=id because of elasuc aoniizeartes,
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A comparative analysis of piezoelectric bending-mode actuators
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ABSTRACT

Dusing the last several years novel piezcelectric be:zd_..o acuaters have besn developed: 2ANBOW, CERAMBOW,
CRESCENT, &3 bimorph and TEUNDER. A comparagve exgarimantl investigaton of eleczuzechanical characteristics
of these cewicas along with conventicnal 4y bimorph and uzimmorzl actuators was conduced iz s work. All zansducars
wrare Szbricarad Som soft piezcelecTic ceramics. The axperimantal resuits show that dy bimorg2 and unimorph elements
b__-:‘ suoericr quasistatic charactesisucs as comparsd to otker Gpe of bexding-mode actzate All these pxcz"e lecic
é=wices demmcnscarte a significant depeadance of elacoractariczal pesStrmancs on the mageimds of the g aleces
Said It —v..—_s Souxd thar the decrease in the mechanical qualizy ctor and resonant frequencr of sexding n‘x:xa:ions in dy
umimerpa RADNECOW, CRESCENT (CZRAMEOW) and TEUNDER with increasing eleczic Zeid is mmeh gnaller than
thaz in Bimserph azd 445 unimergh aCTACTS. The degencance of the Sehxvior of these devices iz s cperanng condidons
goverzs the selscicn of a pardcular device %or g speciSe applicadeon

Kavwords: piszseizcTic actuaters, dimerph '"'—'crn. RAINEQW, CZESTENT, CEEAMECW, T=0NDER
LLINIRCDUCTION
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Another widely used bending actuator is unirmorph (Fig. 2).° * The unimorph acwmator consists of the non-
pxc._cclc"mc and electroded piezoelectric plates bonded together. Hers, like in the piezoelectic bimorph, the piezoelectric
efFact in the direction perpendicular to the polar axis (coe=cient ;) generates flexural displacement.

Fig. 2. A schematic view of the piezoelectric dy; unimorph cantilever with rectangniar cross-section.

A new type of bending piezoelecaic actmator named RAINBOW (standing for Rednced And Internally Biased

Oxide Warfer) has recently been developed. This is a monglithic bender in which the ceramic is subjected to a selective high

t:::me:am:: reducdon with graphite in an oxidizing armosphers resulting in a reduced non-niezeelsctric layer with mezallic

eczical conductvity and an unreduced piezoelectric layer. The resulting stress-biased morolithic unimorph has domelike

s:rum' (Fig. 3) because of differsace in the thermal com—zc=cn of r=cuced and non-reduced parts of the ceramic plate. It
was stated that the actuator can generate significant axial displacement *

|

Fiz. 3. A sczematic view of RAINEOW actuator.

C=2AMEOW (stands for CEZRAMic Biased Oxics "afer) piezoelectic actuator is another siress-biased unirmorph
acruator in which mezal and electedad caramic plates ars cemmezted together at an elevated iemperature using appropriate
solder.® C—vature develops as the CERAMBOW is cooled 5 room temperature since the met and ceramics have different

Z=cients of the thermal expansion. CERAMBOW has the sarme shape as RAINBOW (Fig. 4). A much more reliable way
for stress-biased acmators fabricaton has besn suggested tv the aurtcrs. Dome shape of this swess-biased unimorph named
CRESCENT (Fig. 4) is achieved by bonding metal and elec—oded piezcelectric plates at a high temperature using special
epoxies (caring temperatrs is 200~400 °C). If fabricated at t=s same texmperature, the CERAMBOW and CRESCENT have
similar slecTomechanical propertes, :

Arcther new class of bimorph and unimerph ac==zrers uflizing piezcelestric dyy cceScent has recently besn

rxelcoe:‘.s Tais czte-pxnar-tvpc pxczce‘mc d;; t:ansduc:: ....nssr.. of piezcelectic scgmems cond:d bv a polymeric agesat

ﬂe:cural d:s-'lac:mcnt in thcsc transduc:'s Smc.. pxczocle:::: 433 ccef=cient in commercial pxczcc,-":nc c=ramics is 2-2.2
tirme large than dy, this transducer gensrates significantly aigher displacement than conventional piezoelectric 4y bimorph
ard urimerzh acmators,




U solder
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?
Fig. 5. A sciezaric view of the carerpillar-iype di; unimorph acwuarer. In the case of a bimorph corsisiag of two similar
piezoeiscic tiares, the mel piate is repiaced by the same piezoelacmic piats.

Rece=tly, another fype of unimersh stress-biased piezzeiscwmic zcmuator - THUNDER - (sads for THin layer

Unimerph DrivER and seasor) has been seported” The technicus of T=UNDER fabricaton cansiss of high temperaturs

bonding (300-350 °C) of an eleczoded cxramic plate with mewai Ssils using LARC™-SI polyimics achasive developed at .
NASA Tae foils ars cemented from both surszces of the ceramic siars and R thickness of the memi %Hils on one surface of

the ceramic plate is much thicker than on the other (Fig. 6). Altar the high temperatire bonding the strocmure is given an

addificnal bexr by mechanical pressing © incrsase curvaturs. No published dam are available 1o cate for evaluang

elecomeczanical propertes of TRUNDER »

Fig. 6. Schematic view of THUNDER.

Thus. several new types of piezoelecmric bending acmraters have emerged during the last several years. A
fomparative analysis of their eleczomechanical properties is indeed the need of the hour, Therefore this work was
indertaken (o arrempt 10 find and use unifed criteria for the de~ice charzcterization. The approach used is described in




secton 2. Experimental procedurs and results are praseated in secdon 3. Finally, discussion and summary are given in
secton 4.

2. REPRESENTATION OF EXPERIMENTAL DATA

Actuators consisting of plates with rectangular cross-secion have only been considered in this work. Since in many
instances piezoelectric bending actators are used in the candlever configuration where one ead of the actuator is clamm&
and the sscond one vibrates under or without an exterzal lead (Fig. 1), this configuration was used for the acmator
charactesizaton. . ‘ ’

In the cantilever configuration mechanical load is usually applied to the vibrating ead of the cantilever. Thersfore
the most important quasistatic characteristics are the free displacement q (Fig. 1) of the vibrating end and the blocking
force Fu when n=0. For piezoelecic bimorph and unimorph acmators® v

==d—Fk,E,
n=gaTs
F'=3dwte=k'5 (1)

“ 85 I ’
whars d is the piezoelectic coeficient of ceramics, s is the mechanical compliance of ceramics in the direction X under the
constant elecwic field E Fig. 1), £=U/s, for all actuators except for dss bimorph and unimorpa for which £= U, /t, (Fig.
3), 1, w, and r, are the dimensions of the piezoelectric plate of the cantlevers (Figs. 1 and 2), and 4 and &y are displacemnent
and blocking forcs coeffcients, respectively. For conventional piezoelectic dy bimorph and uwnimorph actuators (Figs. 1
and 2) piszoelectic coefficient dy and mechanical complizzcs 55 should be used in equaton (1); for 4y transducsrs di;
ard sZ should beused ' ' _

Fer bimorph cantlevers displacsment and blociizg Jorcs coeEclients in equaton (1) are equal to 1, for unimorph
s—ilgvars witaout imternal sess biss (Figs. 2 and 5) they an be sxpressad as’

Y am ] im =)
b = 2=Alez) ' :___.f_-_ y=7.s5
VU ledmyestyeddyextyt ¢, * -
. @)
ke = 2oy——,
1+

whers =, is the thickness of the zen-siezcelectric plate (Fig 2) and 7. is the Young’'s modulus of the non-piezosiectric
plare. As foilows from the anaiyes of equaden (2) facters % and k¢ degend on the rado of thicknesses ¥ and Young’s
mocaii ¥ of aon-piezcelecic and gienceiectic plates. Tze larger v is, the higher the valus of & and /u for optimum =.
Arzivsis skcws that maximum valus ¢f & is 0.5 and corresponding X is 2.

For swess-biased unimorph acxuators like RAINEOW, CERAMEOW, and CRESCENT, mechanical stress arising
in these scucoares during device fzbrication and poling, changss eleczomechanical propertes of ceramics. Thersfors
equa=on (1) for these acmators caa be wrinen as '

N
n - 2 n : 4"‘;“"‘

2
BELRAAESPN
“Tgst o TR .
whers di and s are the piezcelerzic and mechanical cormpliancs coecients of the piezcelectic ceramics befors the
de~ice abricating, k, and ko are coeScients equal to relatve change in dy and 4, /s> respectively as a result of the acting
mectarical strass. Coeficients &y and %y in equation (3) skculd be calculated using equation (2) for values of piezoelesTic
and electromechanical coeficienrs of the piezoelectric plars poled under mechanical swess. Equaton (3) is also valid for
TEUNDER tur in this case ky and k. are not described by ecuation (2).
Orze mors impornant quasisitic slectromechanical characteristic of the actuators is their electrical admittancs ¥ :
w3

Y=f®—t—e:1k‘r , - *

&)




o is the angular frequency, €., is the component of the tensor of the dielectric permittivity of ceramics and &y is the

whers . . . . s g
factor desending on the corresponding mechanical coupling coeffcient ard a change in the dielscic permittivity as a result
of the devicss fabricating.

Thus as is seen from equations (1-4) quasistatic elecromechanical characteristics of acators with the same
dimensions of piezoelectric part of the devices, the same electric field. and the same frequency can be normalized with
respect 1o acmator chosen as a standard. It is convenient choose d3; bimorph actuator (Fig. 1) as this standard. Ther=fore
the tip displacsment n, blocking fores 5y and electrical admirtance ¥ of all above described transézeess fabricated using the
jezoelectric ceramics can be expressed as

n = n&—'ﬂ ] .
=R/ 3)
| F=r=yl , |
where f2, Fa, fo are individual figures of merit characzerizing the tip displacement, blocking force and electrical
admirtancs of a specific bending acmator, respecdvely. ‘
The mechanical work . that can be produced by the bending-mede actuators is proportional to the product of the
multiplication of the tip displacement 0 and the blocking fores :
- W, =nF,. | ®
Quasistaric alscwrical energy Wy accammiated in the transducer is proportional to its dielscwic pemnimivity ¢, the volume of
the piezoceiecic plate and the square of electric field £, Using equation (+), the following reiation is comined:
W" o z L, 2z= ' )
®

same pi

»

The rzco of the mechanical work w0 the input elecwical 2zerzy can serve as an overall Sz= of merit for the
elecomeacharical efficiency of the siezceisciric acmator,

. - nF, oo '
irregral Sgure of mezz = -,-7?- = —’:’_’-TE- . €]
’ a - €
Using ecuascz (5) the overall Sgure of =azit relative to thar of piszoelesic &y bimorph, /o, an te wTzen as
f-v f." .
f- === 'f= . ) (9)

/a

Tzus, the relagve facerss ], £, /7, and j2 make it pessitle to describe quisismcc electromechanical
charzcieristics of beading-mode piesceiscTic acmarors in the canrisver configuraton. It is imserzar to note that the
actuaters u=dsr consideraton shouid te Soricated using the same piezcelectric ceramics and siculd have the same
dirmezsicrs of tue actve piezoelecTic sare All quasistadc chzszcterisdes should be measursd for ¢ same amplimide and
frecuency of == applied electic Seid sincs slecromechanical properzes of piszcelecic ceramics depend on the amplitude
and Tsquezcyr of the elecwic fieid® Experimental results®® show that despite a significant éependence of quasistatic
elsczeomectanical characteristics of piszcelecTic acruators fSatricated from soft piezoelecTic cerzmics on the applied
elecic Seid, the changes of thess charcreristics for differszt actuarors show almost the same varizdon. Ther=fore it is
emcugh o 3=& 7, ff, /7, and /5 frone value of the applied siecTic fieid

Sizce in many cases bending-mcds acmators are cperatad near the fundamental frequency of bending vibrations,
resorant charzctaristics of the acmators are also important. The values of the fundamental resonaer Sequency » and the
mechariczi quality factor O, can be choses 1o characterize resorant properzes. The fundamental resocant frequency of the
piszcelectric 3; bimorph cantlever with rectangular cross-seczon is®

1L875° ¢, 1 : 10

T
47: l .IJ-r:';P‘

v, =

where p, is the dexnsity of the ceramics. The resonant frequezcy of the piszcelecic ¢y unimorph with rectangular cross-

secton is exgressed as'’ ‘

I. -l f. k . !

' %/: : 1=} e 2= an
!/ ‘/35{29‘ Vk‘(l-.':j . P. . :

whers ps is e deasity of the non-piescelectric plate. Thus, it is evident that the resonant frequency of the unimorph

cantilever is 2 Suncdon of the resopant frequency of the piezoceiscwic plate (bimorph). For calculating the fundamental




resonant frequency of piezoelectric dy; bimorph and unimorph. s3 should be used in equations (10) and (11) instead of sZ.
Equation (11) is also valid for RANEOW, CERAMBOW, and CRESCENT cantilevers but in this case, the mechanical
compliancs of the stress-biased piezcelectric plate should be used in the calculations. For TEUNDER too, the resonant
ﬁ»gq{;ggq.- is a function of the resonant frequency of piezcelectic plate which is described by equation (10) but the actual
degendexnce is a more complicated function of x, y and =. Basad on the analysis described above, the resonant frequency of
the bezding mede actuators can be related to the resonant frequency of the piezoelectric dy bimorph which has the same
dimensions of the active piezoelecic plate, using the equation
V.=V (12)

wher= /7 is the figure of merit characterizing the fundamenral resonant frequency of the bezding-mode transducer. It is
knowvn® that the fundamental resonant frequency dcpend§ on the magnirude of the applied eleczic field Therefore another
important parameter to be considered is the relative change in the resonant frequency av, /v. asa function of the electric
field

The mechanical quality factor Q. is another importzant resonant characteristic. Since machanical vibrations of the
piezoelac=ic bending-mode actuators are described by fourth-order differsatal equation’ and ot by 2 second order one, O
should be defSined appropriately. By analogy with the defSnition of O for damped harmonic vibrator without frequency
dispersion of the relevant elecTomecianical paramerers of the system, O can be expressed as'

Q.= ’—1’1— | . (13)
whers . is the amplimde of resonant vibrations. The amplim:ce of resonant vibrations depends ¢ mechanical losses in the
actzator and is also very semsidve o the way the cantilever is clamped. Therefore it is prafaretie to compare the relative
chang= AC,_/Q,. asafuncton of the siecTic field instead cf D,

Taus. reladve factors f7, /7, fY, and f ars 2sed o characterize quasistatic siscoomechanical characterisdes
amé 7, Av,/v,,and AQ,/Q, areused to characterize rescrast preperdes of bending-mods siecselectric acaators in the

canmigver scoiguraton
3. EXPERIMENTAL PROCEDURE AND EXPERIMENTAL RESTLTS

ATl mensducers investigated were Sbricated from soft piesseisc=ic ceramics and had a recmnguisr cross-secdon and the
follcwing &izensions: 0.4-2.5 mm in thickness, 5-15 m= iz wicth and 15-35 mm in length Fiezcelecic bimorph and
metzi/siezcelacTic unimorph actuaters wers fabricared Serm PXTS30 (Piezo Kinedc, Inc.) carazic plates poled along their
thick=ess. Tais category of piezcelessic ceramics is analcgaus o scft piezcelectic ceramics PZTTE Stainless steel SS302
was used ¢ =ake the unimorphs Sssause of its very hizh Yeou=g's modulus and. consequezntly, high theoretcal rago of
" Yeungz's =cculi y=3.05 (equation (2)). The plates were tcoded using commercial J-B Weld ezoxy (J-B Weld Company).
Diezcelecmric g;; bimorphs wers fabricsied by a dicing and layesing tachnique.® Theoretical ratio of Young’s moduli for the
da3 uzizmersz is 3=3.90. The ceramic plates in the stack wers Scnded using commercial condectve adhesives EP21TDCS
Qvizster Bcz< Inc.) and E-Solder 3025 (Insulatng Materials, Inc.). J-B Weld epoxy was used for Sonding metal and sliced
srz—=ic piztes. Each piezoeiectric segment in the piezcelsc=ic plates (Fig. 5) had the following dmensions: ¢, =, =109

mm. w=11 =m As follows from squarion (2), elecromeczanical characteristics of dy and dj; waimorph actuators depead
cn the matic cof thicknesses x and Young's moduli y of zcn-piezcelecic and piezoelecTic plates. Theoretcal analysis
shows® tha: —aximum value of the displacement factor /7 arcd overall Sgure of merit f, corrsspond to different values of
x. Trersfors. only devices exhibiting maximum quasistatic ©p displacement were chosen. Experimental smudy showed®'°
that for SS3C02/PXKI550 unimorphs opimum x lies berwesz 0.2 and 0.35.

CZ=SCENT: wers fabricated from PKI550 and S3302 using several types of high temperamure epoxies. Since the
Curis temperaturs ~200 °C was lower than the device Zbricadon temperamre, the actuators were poled after their
fcrication. It was found that tip displacsment factor £ for CRESCENT depends not only on the x and y factors but also
cn the curizz tempemture T therefore only CRESCENTs pessessing maximum f wers used for a comparative study.
For acteaters with =1 mm and :5=0.57 mm the optimal cusizg texmperaturs was around 230-260 °C. The radius of the
cuszrare of the transducer befors poling was 0.4 m and after seling it increased 10 0.8-0.9 m.




Sizce figures of merit are defined for elements with the same dimension of the piezceleszic part, the experimental

e S

data cbtaized for actuators fabricated Som PKI550 with differsar dimezsions were recalculatsd &r a device with standard
dimensions of piezoelectric plate. '

RADNBOW actuators wers cut from piezoelectric RAINBOW disks which were purchased from Aura Ceramies,
Ioe. RAINE OW disks are fabricated £om C3900 ceramics whick is analogous to PZTSH. The thickaass of the devicss was
0.46-0.48 ==, the thickness of the pizzaelectric (unreduced) part 7. Wwas approximately 0.27-0.29 . The thickness of the
reduced layer was 0.12 mm and the thickness of conductive epoxy layer which served as electreds w25 0.07 mm.

TE=UNDER actuators were £25ricated from soft piezoelscric ceramics PZTSA and Al foil Thres layers of the foil -
wers camezrad on one side of the ceramic plate and one layer on the other side. Curing temperzmre was 300-320 °C. The
thickness of the THUNDERs was 0.4 mm, the thickness of piezoelectric plates was 0.2 mm. Tze radjus of the actuator
curvaturss afier poling was approximately 0.33 m. After the high temperamres bonding followed 5y poling (first stage) the
devices wers additonally bent by mechanical pressing (second stage) and the radius of the curvamres decreased to 0.14 m.
Measursme=rs of piezoelectric characieristics were conducted atar the first and second stages. ‘

Incvidual figures of merit of RAINBOW and TEUNDER acmators were calculated using their experimental dara
and theors=cal calculations for bimorph actuators from the same piezoelectic ceramics having the same dimensions.

The dp displacement of acwators was measured by a photonic seasor MTI 2000 (MTT Insmaments Division). The
blocidng fore= was measured by means of a load cell ELF-TCS00 (Entran Devicss, Inc) and the siscrical admittance was
measursd oxy means of 2 lock-in ampiier SR830 DSP (Stantord Rasearch Systems, Inc). A compiers description of the
experimestal set-up is givea elsewhers.’ Elecromeshanical characraristcs wers measursd in quasisaric regime and at the
fucdamentzl Sequency of bending vikratons. In the quasistaric rsgime the measurement fraquency was at least ten times
smeallar tham =e fimdamental resonanr Sequency.

Exgecimennal figures of mesiz /7, fJ, fJ, /o, and f represexting electromeckaricel characreristics of the
actzaters stocied are given inthe Taris. These values wers chrined for low applied eleczic Sai (less than 20 Viem).
Degexdexciss of the resonant fequezsy and mechanical gualisr Zxciors on the slecmic fleld are stown in Figs. 7 and 8,
respecThvelr. Rescnant characteristics of CRESCENT actearers wers similar to that of gy uwmi=crphs. No significant
diFerezce = zimost all measursd slecoemechanical properzes of TEUNDER acmuators after the 3ot and second stages of

. s W s ctm———

theiz Zxoricszox was observed. Only mectanical quality factsr decreasad by 23% after the second szge.

bt & oD e b b

Tatle. Figusss of merit of bending-meds niezcelectic actuarers i the candlever configuraton

Y= CF Tip dispiace=ent | Blociing force | Admimancs | Ovemll Sgurserf ‘ Resonant frequency
PIEZCEME facter 7 facor fF Zcwer fT meritfn | factor £
g:- Si=croh | 1 | 1 i 1 | 1 : 1
&y Uzizerzh 0.41 1.3 1.0 0.74 , L7

x=).34. ~=3.03 : i
RADNZOW 0.190.22 0.1-1.2 0.68 0.03<0.40 1.2-1.4
ZESCZT 250C 0.+ 1.75 0.91 0.35 1.7
(CZR20Z0W) ;
=) 34 =305 ,
TEZCNDER 012 - 0.36-1.0 0.50 . 0.050.15 - 2.1
(3AVPZ_3A/AD
diy3 Siz=cTEh 2.3 - 1.52 ~1 . 3.80 0.84
gy Uri=coh 0.72 3.5 -~ - 2.52 1.7
x=0.31 =390

Axzivsis of dy bimorphs expesimantal data showed that the sxgerimental tip displacement 2nd its theoretical value
calculared ac::.’#ing to equation (1) ars in good agreeme=nt. Averaged experimental value of the biccking forcs was 33%
less tzan thecr2ical one given by equatiez (1) and the averag=d axgerimental value of the resonant Sequancy of cantilevers
was 13%% srmaller that theoretical one (squation (10)). Nevertosiess, the rssonant frequency of thess bimorph actuators with

fres-&e= Scunary conditons (non of e ends is clamped) coincided with the theoretical one. For & unimorph actuators

[ORS=E—




the same tendency was obsczvd. the blocking force was smaller by 13% and the resonant frequency was smaller by 12%
than corresponding theoretical valuss. In d3; bimorphs the blocking force was smaller by 42% and the resonant frequency
was smaller by 17% than correspording theoretical values. The discrepancy was smaller for diy unimorphs: the blocking
force was smaller by 7% and the resonant frequency was smaller than the corresponding theoretical values by 3%. There
may be several reasons for these discrepancies. Firstly, undar the applied electric field, piezcelectric cantilever bends not
only along the .Y axis but also along the ¥ axds (Fig. 1). In theorsdcal calculations bending along the ¥ axis was neglected.
Bending along the Y axis may affect the blocking force-and resonant frequency of actuators. The second reason is that the

cementing epoxy whose thickness was neglected in the calculations, may also change elecremechanical properties of the
actuators. We were unable to conduc: the same analysis for RAINBEOW, CRESCENT and I'::'INDER actuators sincs exact
electramechanical properties of these devices are unknown.

As seen from the Table, the blocking force factor for RAINBOW does nothzveanmvalue. This is becanse the
blocking force showed significant dependence on the exxernal load. The force increased markedly with increasing
mechanical pre-stress which can be generated extermally by the horizontal displacement of the load cell stuck to the
vibrating end of the actnator. It was also found that if the load cell was pressed against the vibrating end the measured
blocking force was an order of magnimde large than that for the case when the load cell was ghed to the vibrating end of
RAINBOW cantilevers. A significant scattering in the measursd blocking force factor f7 of THUNDERS (sae Table) is

probably cansed by experimentai limitations since 1tzsvc:'vd1f§¢.:lt to attach the vibrating «zd of THUNDER having a
mﬁshaneandtheloadc:ﬂhadnavmgaﬂatsurfac:.

Change in av /v

Fig. 7. Degpecxdencs of the resonam Sequency v, of tendizg vitrazions on the elecwic Said (rms). Low-fleld rescpant
freguercy

.S' 1394 Hz ( dn bz...crn) 1015 Bz (dn unissres ..D.), 1029 E=z (dg; ummomh), 2 R‘\INBOW) and 227 #Hz
(TEZCNDER). .

Relative Change in QO

W 02 g4 OG5 €3 10 12
Elecic Fisid (xV/em)

Fig. 8. Depexndencs of the relatve mechanical quality facter on ke sleciric fleld (rms). Low-Zaid quality factor @ is: 55
(<11 bimerzh), 48 (dy ummorpm 23 (¢y unimorph), 62 RAINECW), and 137 (THUNDER, aiter first stage).




4. DISCUSSION AND SUMMARY

As follows Som the Table, d; birmeroh and unimorph actuaters have the best quasistatic eleczeniechanical characteristics
with respect to the blocking force a2d overall figure of meriz. The reason for this is that pizzzelecic di; ccefficient and
corresponcing coupling factor 3 ar2 2-2.2 times large than &;; and k;; . dy bimorph generatss aizaer tip displacement than
ds5 unimerzh but its blockdng fores is significantly lower. &5; bimorph is followed by CRESCZNT (CERAMBOW) and d,
ypimorph actuatars. It is interssizg that the CRESCENT fabricated at the optimal ts=perature has a higher tp
displaceme=t, and overall figure of zerit than oy, unimorph fabricated from the same materizls. I means that the average
piezoelecTic du coefficient of the piezoelectric plate poled under csmtain mechanical bexdisg stress is higher and
corresponding dielectric permitivity 2 lower than that of the starting material. A probable reason is that thers are specific
domain strocnurss that are formed during poling. Two experimental facts support this Iypottesis: the first one is a
significant izcrease in the radius of e transducer curvamrs after poling. The second fact is that after separation of the
maral and cecamic plates in the paled CRESCENT, the ceramic plate rerained its curved shape which implies that thers is
practcally —o mechanical stress in the ransducsr. Moreover, =Face of the longimdinal strass canret explain the increase in
the tip displacement since experimezal results*? show thar longimdinal strass decreases pienceisczic dy coefficient. If the
CRESCENT is prepared above e cptmal temperanmrs residnal mechanical stress may decrease piezoelectric dy;
coecianr. :

As is sesn from the Table, RAINBOW and THUNDER acmzators have lowest quasiszrs Sgures of merit. Since
recducad layer in RAINBOW acmarcr has a Young’s mocains™® mme2 lower than sminless sissi used for dyy unimorph
fabricaton, &splacsment factor & for @is actuator is less than har for umimorphs. In addiden s Ssilows from the analysis
of equarion {2), the rado of thickzess of the reduced and ac=ve piezoeiscTic layers is less thaz 22 cprimal one. The same
reascn can axciain inferior iszzgs Sehavior of THUNLD E=3. Alse. these devices have mezi Ziis from both sides thar
decrease oo &isplacement Sincs the <Rickmess of the piezoeiscTic piates in the device nizvely small the adhesive
lavers < aisc decrease f7 . .

' A5 saez from Fig 7, the f=damental resonant Fecuezcy of Sexding-mode acmziss rpends om the applisd
elecmic Seid Zarge sensidvity of the resopant frequency of <3s Tmimmerz 2 0 slecuic fleld can te us o the fact that at a high
lewval of mac=z=izal stress whic s 21 2 high level of rescnz=t vitrz=cns the spoxy dondizg 22 jiezoelecmic segments
becomas scf Zus to nop-linear smais-smess reladonship in the solymer —arerials. Resonanr sreverzas of ds; bimorpn wers
not measto=< sur based on the abeve Sscussion this devics shculd e svez more seasitve 0 2zt aiecTic field because it
does net have ths stabilizing meral sisma. Ralatively high deze=Zezce of v, of dy bimerph caz T2 =used by an inerease of

-

the mackz=izzi compliancs of e jisccelesmic ceramics with inmcTsasing elecTic field® T:s et of mechanical
“softanizng” of e piezoelecmic cermzics in all dy-type wmimcrsk devices is less signifxmcr snce they have nonm-
piszoeisciz past whose properdes & 2ot depend on the elecic Said

Al z==ators demonstate @ Semifcant decrease of the mechanicai qualiny factor with Zosasing slecwic fleld (Fig.
8). Ths mcst sausitve devics swudisd was the dy bimorzz. Simes te amplitide of resezac: wbradons is mversely
preoercenal tc the mechanical lossas it the rspnancs’, the mecharical losses incraase sigmiSz=ty under high elecTic
Said A:the siscmic feld 1 kV/em e =schanical quality facter Zscrenses by an order of mageinide x5 compared to its low-

A o

fisid vaive, Sizce in unimorph-fype sTacnirss thers is non-giszceliscTic part in which the mectzzizi losses do not depexd
on the aoplisc eiecwic feld, the dectease of Q; in these acmzazers is mere Zradual .

It skouid be noted that thess is one more important Szwre of merit that has not bees coosidered in this work. It is
maciaricai fzifure ar resonance. Ous resuits showed that at a 2igh level of mechanical vibratcrs at mssonance the actuators
fracmure. The Szcmurs occurred at the suzcs of ceramic plates iz the regicn where actuarors wers dizped since this area is
subjected 10 t=e highest level of swess. Analysis of experirmen=al dara showed that fracturs of 5y bimorph and unimorph
tramsducseTs 2= resonance qcours if s —aximum swess at the clz=ped surface reaches 30-30 MFa = this case mechanical
failure occzmss in several seconds. Clearly, umimorph acmuzrcrs having metal plates, suck s 2y and dy unimorph,
CRESCENT, C=2AMBOW, and especially THUNDER. ars =cre rsiizkie in a sense that eves ¥ mechanical fajlure of
cararmics oczzrs the acmarors do not Szcture since metals likes steel or Al have much higher Szcture toughness than
cerarmics. .

It is =~zrawhile to note that :be sTaight or slightly cus~=< shape of tending-mode acruzters is not optimal in terms
of cverzil Szure of merit f;. For instazce, theoretical calcula=czs shew that L-shaped dy bimersh xadlever (Fig. 9) has

higher blccizizng foree factor /. and overall figure of merit /= thz= swaight dy bimorph with the saze dimensions. This is
becsuse iz 2 ssxventonal stwaight scucmure. beading momen: zezerared iz the actuator works against the blocking forcs




applied to the vibrating end. Therefore this force blocks the movement of the actuator’s tip only. In the L-shaped structurs,
application of the horizontal force preduces a mechanical moment on the horizontal part of the actuator. Thus, the blocking
forcs sheuld almost prevent displacement in the whole bertom part of the transducer consequently the magnitude of the
correspording blocking force should e higher in this cass. '

ELEMENT Tip Blocking | Admittance | Overal]l | Rescnant
r disciacezexnt force facter figure | frequency
| facter factor of merit | factor
Z f2 z A fa .
431 Bimoroh 1 1 1 | 1 1
L-shaped 43, 0.73 1.5 1.0 L.125 1.32
Bimorph
' (11=Iz=0.50

Fig. 9. Schemarc view of L-shaped dy bimorph and theorezical Sgures of mesit of this devics with /;=/,=0.51,

In summary, 2 comparative sxcerimental invessgztion of slecromechanical characteristics of piezoelecic Jy and
dx birmoroh and unimorph acmaters, RAINBOW, CRESCENT (C=RAMBOW), and TEUNDER actuators in cantlever
conSgnrarion has been conducsd The tp displacemenr, blocking force, and elecwical admimancs wers chosen to
characterizes quasistatic properdes acd the resonant frequency xeckanical quality fcoor wers chosen to characterize the
bezavicr ar the fundamental freqnensy of beading vibradons. Tae sxperimental results show hat &3 bimorph and unirorph
acToarers tave superior quasisiarc siaracteristces as compared to cther types of bending-meds sctators. It was found that
rescmant Sequency and especially —echanical quality Zzetsr of ail acmators depead on e applied elecmic Seld 4y
mnizmersh, RAINBOW, CRESCENT (CERAMBOW), a=dé T=UNDER wers found 0 te less deendent on the applisd
sisc—ic Seid than 4y bimorph 20d 5;; bimorph and unizmerzk actrarers. These results indicgs that the choice of devicss for
parzcuizs aprlicaton degends on ccxdidons under whick t=e dervice will operate.
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Fig. 4. Ampiimde and phase characteristics of RAINBOW cantilever.
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Fig. 5. Ampiinude and phase characreristics of shear-mode cantglever.
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(unimorph). £35 (RAINBOW), and 236 Hz (sbear-mode).
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Fig. 7. Dependence of the rada of amplinides at resonant and low frequencies
on elecric field. Low-field quality factor Q, is: 55 (bimorph), 48 (unimorph),
62 (RAINBOW), and 31 (shear-mode).

weak dependence of v, and Q, in shear-mode actuator can be
related to the lack of the electromechanical coupling for the
bending mode and to relatively low level of resonant
vibrations. We assume that bending vibrations in the
transducer appear as a results of elastic instability [10] of
pure shear vibrations because of the action of inertia forcss.
In summary, we have studied piezoelectric properties of
bimorph, unimorph, RAINBOW, and shear-mode actuators
in a wide electric field and frequency range. An appropriate
experimental measurement sysizm has been developed. The
quasi-static and resonant piezoelectric properties of these
structures have been found o de highly dependent on the
magnitude of driving field.
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Behavior of Piezoelectric Actuators under High Electric Field

Abstract-Behavior of piezoelectric actuators (bimorph,
unimorph., RAINBOW, and shear-mode) fabricated from soft
ceramics has been investigated in a wide electric field :;and
frequency range. The electrical admittance, mechanical
displacement. and blocking force of these transducers have
been found to be highly dependent on the magnitude of driving
field. The resonant frequency and mechanical quality factor of
bending vibrations for all but shear-mode actuators decreases
significantly with increasing driving feid. Analysis shows that
despite a large variation in the quasi-static electrical
admittance and reduced tip displacement of bimorph,
cmimorph. ana RAINBOW cantilevers with driving field, their

dielectric permittivity €], to piezoelectric coefficient dy;.

L. INTRODUCTION

Studies of last faw years have demonswated that piezoelectric
trznsducsrs have significant potental as actuators for
acoustic acise controi [1]. These transcucers are cperated at
such high power leveis that the ferroeleceric ceramic used in
them begins to exhikbit nonlinear behavier. It is known that
piezoeiscmiciry-related properties of ssramic materials are
highiy degencent on the level of driving electric field and
mechanical vitrations [2-6]. A common feature in this
k= or of piezoelectric ceramics is an increase in dielectric
ar . -iezoeiscitic coefficients, and iosses even at electric
< :ids much lesser than the coercive cne. [t is believed that
a2 noniinear Sehavior has exwrinsic narure. i.e., is refated to
:he domain wail and interphase boundaries’ motion [4]. Till
now, most of the studies wers focused cn the investigation of
materials groperties. The purpose of this work was to study
the senavicr of the poteatial piezoelecTic transducsrs such
as »simcrsa. unimorph, RAINBOW. and shear-mode
vitrators under high electric field.

II. EXPERIMENTAL PROCZDURE

All transducsrs investigated had a rectangular cross-section
anc the following dimensions: 0.45-2 mm in thickness, 5-135
mrn in wdth, and 15-35 mm in length. Piezoelecuric
birmerpn and metal/piezoelectric unimorph actuators were
fakricated Tom PXIS30 (Piezo Kinetc. Inc.) ceramic plates
pcisd along their thickness. This category of piezoelectric
cerarnics is analogous to “soft” PZTSH ceramics. Stainless
stesi SS30Z was used to make the unimorphs. The plates
wers honded using commercial J-B Weid epoxy (J-B Weld
Ccmrany). Rainbow transducers were cut ffom piezoelestric
RAINBOW disks which were purchased from Aura

rado is almost a constant, which characterizes the ratio of .
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Ceramics, Inc. Shear-mode actuators were fabricated from
3203HD ceramic plates (Motorola). The plates were pelad
along their length and the driving electric field was applied
across the thickness of the plates. Clearly, the flexural
displacement generated in the bimorph, unimorph and
RAINBOW actuators is caused by piezoelectric ds,
coefficient while linear displacement in the shear-mode
actuators is caused by piezoelectric 45 coefficient.

To characterize these transducers, their electromechanical
properties as a function of the driving electric field well
below and close to the fundamental frequency of bending
vibrations were investigated. The following parameters of
these transducers in the cantilever configuration were
measured: i) displacement n of the free end; ii) blocking
force Ay (N =0), and iii) electrical admittance as a function
of the applied electric field and frequency.

A bleck diagram of the experimental set-up is show in Fig.
1. The tup displacement of piezoceiscwic cantilevers was
measured by a photonic ‘semsor MTI 2000 (MTI
Instruments). The measuring head of the sensor was
mounted on a manual micropositioner which provided the
linear dispiacsment and rotation for adjusting height and
angle of the head against the measured transducer. The
transducer (in the Figure, bimorph is shown as an example)
was mounted on XYZ micropositioner (Ealing Electro-
Optics, Inc}. To measure the blocking force. a special metal
head of a load cell ELF-TCS00 (Eatran Devices, Inc) was
glued by Super Glue to the vibration end of the transducer.
Tne load ceil was mounted on a micropositioner which
provided a horizontal dispiacement for adjusting the position
of the load c=ll against the measured transducsr. The load
cell was drivea by power supply PS-15 (Entran Devicss,
Inc). The electrical admittance was measured by means of a
small (several ohm) resistor R connected in series with the
transducar. All lock-in amplifiers (SR830 DSP, Stanford

Lock-In Photonic  [rmmeme (== Load Call & Lock-in
Ammpiifier Semsor Power Supply Ampiifier
- § oo

T P,
l Microposidoner [
Generator  fud  Power P Lock-In
] Amlifier R Amrplifier
Fig. 1. Bleck diagram of the experimenwul set-up adopted to measure

elecromechanical properties of piezoelectric transducers. P, denotes the vector
af spontaneous poiarization.




Research Systems, Inc) were syncironized with the ourput
voltage of the power ampiifer (790 Series, PCB
Piezotronics, Inc or PA-250H., Julie Research Laboratories,
Inc). The input AC signal to the power amplifier was
supplied by a generator DS345 (Stanford Research Systemns.
Inc). The developed experimentai set-up made it possible to
measure the mechanical displacement and electrical
admittancs in the frequency range of 0-20 kHz and the
blocking force in the frequency range from DC to several
kilohertz. The maximurmn driving voltage was 300 Volt RMS.

ITI. REPRESENTATION OF =XPERIMENTAL DATA

The quasi-static tip displacemeat i and corresponding
blocking force Fy of unimorph actuators can be written as
(71

[ - 2(1+1)

I T ledy-bxiy+dxy+ iyt

1Y)
whers [, and w are the length and width of the cantilever,
correspendingly; 2. and 1y are te thickness of the ceramic
and me:ai plates, correspondingiy: £ is the driving electric
feid, Yo is the Young’s modulus of the metal plate, and sE
is the mechanical compliance of ceramics in the direction

perpencicular to the polar axis. For timorph cantilevers the

coefScients &y and kg in (1) are sgual 10 1. Corresponding
eguations for pure shear-mode acrator can be written as:

n=d,E
. F, 31.&...3.'_’_5’ @
455 I

whers s is the component of the mechanical compliance of
cerarnics in the direction of polar axis. It should be noted
that blocking force in shear-mode thin piates causes bending.
As follows Tom (1, 2) reduced ampiitudes 1/E and Fu/E are
preporticnal to dky and dkyy's corraspondingly (in the case of
bimerpn and shear-mode cantilevers ky and ky¢ are equal to
1). Conseguently, a relative change in the ratios /E and
F.JE as a function of the driving electric field gives
infermaticn about the change in the piezoelecric and
mechanical properties of the actuaters.

The elecwical admittance of the Tansducers at frequencies
weil beiow the fundamental bending resonance can be
written as

}'==jcor£s-.'<y, 3

where S is the area of the one of the electrodes, ¢ is the
component of the tensor of the dielectric permittivity (T,

for bimorphs and unimorphs and g, for shear-mode
transducers) and ky is the coefficient depending the
corresponding electromechanical coupling coefficient. For
bimorphs this coefficient equals 1-0.54% /e];sE , for shear-

mode actuators it equals 1. As follows from (3) the relative
change in the electrical admirtance as a function of the
driving electric field gives infermation about the change in
the dieiectric permittivity and czectromechamcal coupling
coefficient of the transducer.
To characterize the change in the properties of transducers
near fundamental resonance, the following parameters as a
functon of the driving electric field were measured: i) a
change in the resonant freguency Av,, ii) ratio of vibration
amplitudes at resonant and low frequencies, n/n. The
relative change in Av, gives an idea of the change in the
mechanical compliance and losses at the resonance. The
relative change in n/n eaccmpasses the change in the
mechanical quality factor @ since the amplitude of the
damped harmonic vibrations is proportional to this factor [8]
n, =70, @
Thus, the relative values of ¥, 7/E, Fo/E, Av,, and n/1 as a
funcuon of electric field caicuiated from experimental data
werz chosen o characierize nonlinear properties of
transducers. It should be acted that the lock-in amnplifiers
used (Fig. 1) made it possible :0 measure complex values of
N, Fu, 2nd 7, i.e., the ampiituds and phase characteristics.

IV. EXPERIMENTAL RESULTS

All chcsen functions (RMS) wers normalized reiatively their
values at a low electric feid (~3-10 V/em). The dependence
of reiative values of Y, WE. /\/E on the electric fleid is
shown in Figs. 2-5. Instead of the phase of the electrical
admirtance the phase of I7j was plotted since it is directly
related "to tangent of the diciecric losses (see (3)). All
measursments were done at 2 irequency at least 10 times
lesser than the fundamental freguency of bending vibrations.
Maximum electric fields used in these experiments were
much less than the coercive feid of the ceramics (8-9
kV/cm). As is seen from these graphs, an increase in the
driving electric field causes an increase in the amplitude and
phase delay of mechanical displacement, electical
admirtance, and blocking force. For bimorphs, the
dependancies of Y and 1n/E on the electric field are almost
ideatical and are more pronounced than the dependence of
cerresponding reduced blocking force Fy/E (Fig. 2). For
unimerph cantilevers the effect of the driving electric field is
strong=r and function n/E increases more rapidly at a high
elecric field than Y (Fig. 3). A close analysis of
experimental data presented in Figs. 2 and 3 shows that




there is a certain threshold electric field (10-50 V/cm) above
which measured parameters begin to increase monotonically.
As follows from Fig. 4, the dependence of piezoelectric
properties of RAINBOW actuators on the electric fleld is
extremeiy high. Functions Y and n/E behave almost in the
same manner and. unlike for unimorphs, have convex shape.
This type of actuators is characterized by very high losses. It
should be noted that the blocking ferce for RAINBOW
cantilevers has been found t0 be increased markedly with
increasing shear force, which can be generated externally by
the horizontal displacement of the load cell (Fig. 1).
Behavior of ~y/E was similar to that of Y. Experimental data
for shear-moce cantilevers are given in Fig. 5. Clearly, in
this case the electrical admittance increases much more
rapidly with electric field than the reduced displacement.

Resonant characteristics of transducers are presented in Figs.
6 and 7. All actuators demonstrats a decrease in the resonant
frequency of bending vibrations with increasing electric field
(Fig. 6). The most pronounced decrease is shown by bimorph
candlevers and the smallest one is shown by shear-mode
candlevers. Measurements of the elecirical impedance of the
shear-mode vitrator show that thers is 10 resonance in the
impedance despite the fact that mechanical resonance of
bezcing vitrations does occur. As is seen from Fig. 7, the
relative decrease in the ratio of amplituces at resonance and

low feguency, n/n (and, conseguendy, in Qn), is highly
dependent ca the type of transducers. A drastic change is

obtainegd with Simorph actuators while 2 moderate change is
otserved with shear-mode actuators. It is important to note
that the magnitude of the change in 1, has beea found to
2c2nd cn its value at low electric feld.

V. DISCUSSION AND SUMMARY

The results presented hers distnctly show that
iecromechanical propertes of the actuators fabricated from
soit cerarnics degend on the level of the criving electric field.
Data for simcerph transducer (Fig. 2) cemonstrate that the
eiecical admittance Y and reduced tp displacement 1/E
penave in a2 very similar manner. This functions are
preccortional 1o eh(1-054d; /elsk)  and  dy
berrespondingly. Since the factor in parsntheses dees not
Change much it means that there is a close relation between
piectric fieid dependencies of €1 and gy, Our studies of the
naterial preperies of various soft PZT ceramics also
gmonsuwate the same results [9]. As foilows from the graph
f the recuced blocking force Fy/Eed,, /si, (Fig. 2), an

crease in 5 is more moderate than in €], and dy;. This
aph also shows the behavior of ¢lecrromechanical coupling
oecient  dl/esE because the raio d, /e, is a
cnstant. As fcilows from the comparison of Figs. 2 and 3 a

change in coefficients kqy, kys, and k, with electric field takes
place for unimorphs. Data for RAINBOW actuators (Fig. 4)
also confirm that there is a close relation between ¢l, and
d3;. As follows from Fig. 5 and (2, 3), d,s increases much
more rapidly with the electric field than €.

Data of resonant measurements show that bimorph vibrator
is more sensitive to the electric field than other transducers.
In unimorph actuator there is a non-piezoelectric metal plate
which stabilize the behavior of the transducer since its
properties do not depend on the electric field. In RAINBOW
actuator, in addition to this effect, the internally biased
compressive stress may affect resonant behavior. A relatively
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weak dependence of v, and Q,, in shear-mode actuator can be
related to the lack of the electromechanical coupling for the
bending mode and to relatvely low level of resonant
vibrations. We assume that bending vibrations in the
transducer appear as a results of elastic instability [10] of
pure shear vibrations because of the action of inertia forcss.
In summary, we have studied piezoelectric properties of
bimorph, unimorph, RAINBOW, and shear-mode actuators
in a wide electric field and fequency range. An appropriate
experimental measurement sysizm has besn developed. The
quasi-static and resonant piezcelectric properties of these
structurss have been found to e highly dependent on the
magnitude of driving field.
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wheare 5. d. R. and ¢ are electromechanical charactesisdcs
(constants) of a pnezoelecmc media. Superscripts £
denotes boundary conditions £=const and T =const. respec-
tiveiv. It is assumed in Eq. (1) that the piezoelectric media
does not exhibit losses. The orincipal drawback ot this ap-
proach is that the model (1) does not take into account hys-
teredc relations between T, S. D. and £ for macroscopically
controiled boundary conditons like T=0. Experimental data
for PZT ceramics**~'” suggest thar the hysteresis conuribures
significandy to the elecromecianical response of the piezo-
elecTic ceramics ac high eleczic fields. Recentdy, the experi-
meatal Rayleigh law.'* describing the hysteresis dependence
bemwesn the magnetization and magnetic field, has bezn ap-
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harmonic while experimentai Jaca’ show that the second har-
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with increasing electric feld. The suggested functional de-
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T22se of the dielectric permitivity in the region where the
ermitivity begins to grow uron increasing amplitude of the
izciric deld.S It should be noted that Eq. (2) is purelv intui-
tzva and it is not a result of he Tuavlor series expansion.
Tais work was undertaken in an attempe to invesiigate
exzermentally and theoreticzily the behavior of compiex pi-
2zzelectric dy(£,,) and dieiserric 6_7:.3( E,) coefficients. and
2 amplitude of elastic xfl\;',._,) coetficient of sort PZT un-
"e: nigh sinusoidal electric delds and stress-free conditions
Ov in the frequency range of 10 Hz-[0 kHz. The ap-
crcach adopted is described in Sec. [I Experimental tecii-
nicues are presented in Sec. {II. Experimental resuits are ana-
z=d in Scc Iv. \!uthcfmtic:l and phvsical modeis an
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piied to the mechanica swess dependence of piezoelectt
¢aily induced charge on :olar surfaces of piezoelectric
caramics. > According 0 Lord Rayleigh,'? the hysteresi:
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il. METHODOLOGY OF CHARACTERIZING
ZLECTROMECHANICAL ?ROPERTIES
UNDER HIGH ELECTRIC FIELD

Because of exwemeiv :omplicared coupling betwesr]
2iectric and mechaniczi swrenties in piezoelectric ceramics)
e electromechanicai saszoase in these materials is highiy]
Zarendent on electrical wxé mechanical boundary conditions.
Zguarion (1) may be used =5 an iilustration although it may]
7ot be a valid mathemar:zi description of the complex be-
"wavior As is seen rrom :=2 2quation. the behavior of both J

and D is described by 2 &iZerent set or coefficieats for fieic
Zree (E=0) and swess-T22 (T=0) boundary conditions.
«ierefore. all electromessznical coefficients describing di-
2iectric. mechanical. and :ateraction nonlinearities should be
snown for finding vaiues ot § and D tor arbitrary boundary
conditions. In addition. Fesuency dependencies of these co-
sriicients should be determined because of the frequency dis-|

suted task lying far bevond the scope of this work.

-t this work. dielecmic sroperties along the poling dire<-
“6n the Z axis: subserizt 3) and piezoelectric and elasiiq
sroperties in the perpendicular direction (the X axis: suD-
seript 1) are studied. Eguaton (1) can be used as a starming
Soint for finding the aperecnate experimental technique 1]
Teasuring corresponding “unctional dependencies between
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D:. T;. S,. In the tinal part of this section, limitations of

the suggested measuring procedure related to possible inac-
curacy of Eq. (1) for describing hysteretic behavior will be
considerad.

As follows from Eq. (1) for a particular case when the
alectric fdeld is applied along the polar Z axis (£, =E.=0.
£,=£). and the mechanical siress acts only along the X axis
tonly 7. =0). the relations betwesn §;, T, D5, and E are
written s

Sy=shT +ds E+siyTi+2dy T\ E
— Ry B Ry B3 +sh Th+
N e T TR E T TS T

Bv grouping all terms, which depead only on the electric
deld. and inwoducing

(&)
T T .. p. T pi_
€ Z1= s+ a5E T €558 .
and
E 1
Sl-‘;"'il-sll S[“Tl -a ‘:-SH“TI ceen (:"]
dip 2.7 v=dy+dy T = 2Rk -
Eg. i3) zan te wrirten as
S:=:;|4_.T1)Tl (E)E .
167
D:=:1: E.T)T + €5 E)E. ’
Thus. 2iacomechanical coefficiears sfl(E.T . dy (&0
di{E.T .. 2nd el(E) are functicns of the electric field and

mechaniczai stress in a nonlinear piezcelectric media. In Ea.
161, termas Jescribing the interacdon detween £ and T, (e.g..
dzy; anc R::ay are included in 57,(£.7,) and d;l(E T
instead of :his they can be introducag in d3;( £) and €; (E)
respecrivaiv.

As Zcilows from Eg. (6). smain §; and elecmcal dis-
placement D+ are direcdy related 0 d;(£) and 3 (E) under

siress-fr22 conditions (T=0).

T=0. : (7

Thus. ccarfcisnts 45 (&) and ezsuﬂ can be determined by
measuring -he mechanical swain in the transverse direction
and 2leczcal displacement in the polar direction under
stress-irz= conditions. If the sinusoidal electric field is used.
the amriituce and phase characteristics of harmonics of S,
and D; can be gauged. :

Vle”<ur'n0 s“(E T)) and d3{E.T\) is a significantly
more ccrmpiicated problem since coetficients describing in-
teraction =erween E and T should be determined. Therefore.
the axce;-_mental techmquc. which gives only information
acout s%.. £.0) =s5(E) (stress-tres conditions), was adopted
in the zresent study: measuring the fundamental resonant
"recuen;;-: v. of bending vibrations of a poled piezoelectric
c2ramic siate ia the cantilever conriguration (Fig. 2).

Y. O. Kugel and L. 2. Cross 2317

FiG. 2. Schematic view of the poianzag siezoelectric plate in the cantlever
configurzdon. P, denotes the vector =7 spontanecus polarization directed
along e poiar Z axis. Voltage L is zpiled to polar surfaces of the plare.

Measuring resonant frequancy of longitudinal mechani-
cal vicradons excited by the sisczic fieid through the pri-

mary -piezoelecwic effec has been used by several
authors. " Since the resonant fTequency is a function or the

corresconding mechanical compiiance. the dependence of
the fr2guency on the eleczic Jeid gives m:ormanon about
aonlin m ities in the mechaniczi compliance.’ 15 If the me-
chanical quality factor is high :nough. mechanical noalin-
aarties are dominant be«'ause of 1 very high level of vibra-
igns. Therefore this method ‘s not applicable for dnding
s¥.i £:. Moreover. the frequancy range of primary interast in
s study was 100 Hz-1 kHz while the frequency range of
longimzdinal vibratons is usuaiiv far apove 10 kHz. Thus.
anothar type of vibration shouid »2 considered. The pending
Toce. wich is excited by the 2i2cric feid in bimorph can-
Ziavers :Fig. 1) may be 2 zossible dwernadve. The funda-
menzl rasonant frequéncy of =eading vibrations is”

(8)

RS

wiers . is the thickness. | is de length of the bimorph
cantievar (Fig. 1), and p is the Z2asity of the material. Nev-
2rtheiess. it is quite difficuit :0 inalyza the dependence of v,
on £ in piezoelectric bimorpns sinca the mechanical siress
can r2ach a very high level. and. in addition. the stress in
aonunifcrm. Preliminary experimantal studies showed that
rending resonant vibrations can e excited in piezoelectic
olates zoied along their thicknass 1Fig. 2). These bending
~ioracicns arise due to nonuniform distribution of spontane-
ous zoiarization of domains. Sevause of a relatively low

lavei of e bending vibrations in the piezoelectric plate (Fig.

Z) it can e assumed that the mechanical compliance depends

only on the electric field. 5 2.0 =55 (£) ie. the depen-
dence of v, on £ is caused mainiv by interaction nonlineari-
tdes. 2.2.. d3y in Eq. (5). The cerresponding wave equation
coincices with the same one Zescribing bending vibrations
aiong e X axis in a linear piezoelecmic beam®

o 120s5(E) 5
—-:'—-—"—?:%(). (%)

A I
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where 7 is the neutral surface displacement of a bent cunti-
lever (Fig. 1).> Assuming that the plate is driven at the reso-
nant trequency v,. E=E, siniws) and all other harmonics
of the displacement have a much smaller amplitude. the dis-
placement is written as =7, sin(wy). Expansion of the
mevhanical compliance in the Fourter’s series yields

»

V. D. Kugel and L. €. Cross

SE=REDNO+ T (55 (E )] eosliw, ).

13

(1o

where [s5,(E)17 is the ampiirude of the ith harmonic. Sub-
stituting Eq. (10) into Eq. /9) and taking into account only
terms contributing to the fuzdamentai vibrations. one obtains

(an

— s5in(w, L+ @)~ w;
s (@t+9,)—w; .

Sinca for a low level of losses. ,=— /2%, Eq. (11) reduces
to 2 similar one describing the amplitude of vibratons of a
linear piezoelectric beam.” The fundamental resonant fre-
queacy of bending vibradons of the cantilever is wrirten as

2 3

1.875% ¢ 1
7 3 E = s E ] Y0

Thus. measurement of the rasonant frequency as a funcdon
of e eiectric field gives an ide2 of the fleld dependence of
the amciitude of the first anc :nird harmonics of the me-
chaznicai compliance. [t must =2 noted that through ail deri-
vations it was facitly assumed chat Eq. (6) is a proper de-
sciztion of the high-field behavior and losses in the media
wer2 nagiected.

(12}

)
r

I
L

[ 92
L]
-,
i
~
4
S
2
™M
~.
o
|
-,
|
™

D;=g[(T!)‘:’g:(E)g3(T: i‘g,;(E).

e )
wnare

SATY. FAEY. giTys. mnd g,(E) are muilripie-valued
functicns since multivaluedness is inherent property of ays-

terasis “see. for example. Eg. 12)]. For T, =0. Eg. (13) re-

ducss 0
S.=f,(E). .
 =fAE) -
D_t =g4( E).
Taus. measurements of §; and D+ as a tunction of £ under
7- =1 zan provide information about which of Egs. 1+ and

17+, or 114) is a correct description of piezoelectric and di-
iric properties under high electric tield. [n conwrast. the
'ggested procedure of measuring mechanical properties by
maans of Eq. (12) is a limited one since it is based on the
assumotion that Egs. (6) and 110) are valid. Nevertheiess. it
is ~2asonable to assume that these equations are correct if the
siaciric Held and losses are not.too high, Moreover. tie va-
licity of Eq. (6) is not restmezad to the validity of Egs. (&)
anc 51, therefore function (s5(E,) ] = {sE(Eq]' " ob-
:2ined from measuring v. <un provide information about
neniineur or hysteresis ongin of these dependencies.
Thus. the mechanical strzin §, and diclecinc displace-
men: O, of unconstrlined fiezoelectne ceramic plates and

v

&t 12BN sinlwr— 2 ) = s BV sin(w,r—o,)}
:

7. =0.

the fundamental résonant 2quency of bending vibratons v,
OF piezoelectric ceramic sizias in the candlever confguration
were chosen for characterizing the behavior of piezoelectric
ceramics under high elec:nc fields. § and D were deter-
mined by measuring harmonics of strain §,; along the X atis
and or the electic currezt dansity J along the polar Z axis
under the sinusoidal elec==c deld and stress-free conditions.
In ceramics with low eizc=c conductvity the harmonics of
she electric current densice J'° are direcdy relared to the
~armonics of the slecwica dispiaczment DY’
D'_~,”=f S sintiwe= 2Nt
20

=—sinl lwf=23 = 13
lw H .

a2y

o=l

w is the angular 2cuzency of the applied electric fGeid
=£,, sin(w. J}' and <. are the amplitude and phase or
= harmonic. respecz+2iv. [n additionto §, D; and v..
irreversible change A2, 2 the remnant polarization in th2
colar direction under ruised elecrric feld was measursZ
since this method aiso zrevides information regarding ays-
aretic properties of plezcelecmic ceramics. It shouid be
siressed that this irreversitie change AP, can be caused by
soth the spontaneous coixizaton reorientation and hyswer-
2sis in the mechanicai >cundary conditions for ferroelectric
Zomains under applied sizcTic deld.

o

ners
I3
=

by o«

- .
we !

I, EXPERIMENTAL TECHNIQUES

Soft piezoelectric '22d zirconate titanate ceramics
PZT5H (Morgan Mawee. nc.). 3203HD (Motorola. Inc.:.
and PXI550 (Piezo Kinezc. Inc.) were used in the 2xperi-
menrs. The ceramics ire donor-doped PZT and have 2
chemical composition nexr the morphotropic phase bound-
arv. Prepared sampies ad a shape of parallelepipeds with
rectangular cross section. The thickness of the sampies was
7.2=3 mm. the width was 3-10 mm. and the length was
<3=20) mm, Surtaces having the largest area were eiectrodes
‘~ith electroless nicke! or spurtered gold and the samples
were poled along their thickness ar 90-120°C with £
=13-20kV/cm in te silicon oil bath. All measurements
were conducted on sampies aged tor at least 24 h.

The harmonic specum of the slectric current density /
shrough samples under &2 appiied sinusoidal voltage L' was
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SYNCHRONIZATION

If 3
f 33nEa70R AMPLIFIER ! i
i U
— = DIVIDER

b SAMPLE ' {

I b | C'u—-‘:L_J‘ SCILLOSCOPE O

) |
Lz LOCK-N ! o . .
> - AMPLIFIER SIG. &0 An experimenul setup o measuring reversible and irreversibiy
N\ / <aanged poianzaton.

£1G. 3. Sxperimental setup for measunng D,(£). | denotes the direcdon of

ceiartration.
a2 soain gauge ampliffer DPM-612B (KYOWA Electronic

Insuments) were used. Fracuency response of the stain in
measured by means of the exgerimental semp shown in Fig. the range 10 Hz-10 kHz at low electric fields was measured
Rasistor R,=3-30Q was chosen such that LOOR., bv means of the laser intezZ2rometer. The electric field de-

149

< /wC,. where C, is the capacitance of the sample. Voit- pendencs of the stain in the T2quency range 10-300 Hz was
aga across the sample was delivered from the power ampli- gauged by the strain gauge semup. Phase delay introduced by
der : 790 Series. PCB Piezowonics. Inc., or PA-250H. Julie the swain gauges was caicuizied using phase characteristcs
Research Laboratories, Inc.). The input ac signal to the of S, obtained for the sams sample with the laser interter-
gowear ampiifier was supplied bv a generator DS345 {Stan-  ometer.
ford Rasearch Systems. Inc.). Voitage across resistor R, was The electric fleld depencancz of the fundamental reso-
gaugad v a lock-in ampiifier SR830 DSP (Stanford Re-  nant requency of beading vibrations of the piezoelectic
searca Svstems. Inc.), which was synchironized with the out- candiever (Fig. 2) was dararmined by measuring the fre-
out voitage of the ampiifier by means of the voltage divider. quency of the maximum Z: dspiacement along the Z axis
F:r—.: asuring the harmonic scecrum of D5 at small elecic ’r". g. 1. A photonic sensor MTI 2000 (MTT Instruments Di-
daids. 2 low-distortion ae'xe::'.tcr DS360 (Stanford Research visicn! mth a cormresgoncizz set of elecuronic 2quipment
Sviiams. Inc.) was used withour the ampiifier. Voitage and wers used. A compiete Zascnztion of the sxperimental setup
:':e:-.-..\,. ranges of the experimental setup were 0300 V is given slsewhers.!’
s ind D-20 kHz. respectivaiy. Harmonic spectrum of J To measure the irreversicis change in the remnant polar-

was czicuiated from the foilowing quation: izazon under high electic 2:id the slectric pulse technique
was used (Fig. 3). A pair o7 singie rectangular pulses having

72 simtioe @)= -4—,3~~1nt ‘““"L',)- 16) o_jc site polarities or sit g:- .usoid;l .pulse coqsisting c?f

m ona seriod of sinusoidai voiizg2 were delivered to the sampie

oV '::eans of the generzter 283<5 and the amplifier 790. A
dig:ral oscilloscope LeCrov 3310A (LeCroy Corporation)
with srove 10:1 (10 MQ =2 inpur resistance) were used ©
measure the induced on :zzacitor C,= 1015 wF elecmic
charze. The amount of the =2versible change in the remnant

poiarization. AP, is egquai 2

whers L7!% is the measured amgiitude of the ith harmonic of
The ~oitaga across resistor R... 4 is the electrode area. and
.. is tae measured phase of f2 ith harmonic of the -oit-
ags. Zzuations (13) and (16) wers used for dnding ampiirude
zncé phase g:‘é’ of the 1 harmonic of the ‘elecTical

S
dispizcament

.
HY)

l
D

Ampiitudes S\ and phases -5’ of the harmonics of AU.C,
: - 4 | I cmmmmem— -
strain 5. were measured by means of the double-beam laser -7 s (17)

~f2rometer’ :md stain gauges. The interferomerer is de-
sc:—;:e: sisewhere.'® An experimentl setp for measuring wiiers AU, is residual veirzg2 remaining on the capacitor

sirain vith stain gauges is showa in Fig. 4. Since poled pi- C ., arter the second of owo onsecutive rectangular puises
2zceizcmric ceramics have symmeTy point group *mm there wit opposite polarities acpiisd to the sample. The capacitor
'~as =0 need to align the strain gauge along a certain cirec- was short-circuited arter the irst pulse. Presumably. the sec-

iicn 2z the polar surface. Strain gauges KFR-02-12-C-1i and ond woltage pulse is the cre :zusing the irreversibie change
in the polarization. The durzaon of each rectangular pulse
was 50 ms. Equation (17" is also valid for the sinusoidal

g‘:\‘u‘c‘;‘ puise if the irreversible changs AP, takes place during the
sTRAN second part of the puise oniv. The duration of the sinusoidal
-~ NN 1 .

a:.?;&gxéa | SAMPLE H uwunaﬂ@smm: : : puxsi was 100 m;. - . , .
\l To characterize D 2", §,(£). and §y(D;) hysteretic
- loops. a modified Sawyer~Tower circuit with C,, =9.64 uF
L3CRAN W i was used (Fig. 6). Generater DS345 and an amplifier BOP
M— 1600M (KEPCO Inc.) wita an output voltage up to | kV

' SYNCHRONIZATION deiivered high sinusoidal vaiiage to the sample under test.
"C 3 ta sxpenmental setup for Teasunny strun §y bY means of strun Crystallographic strucruzs of the ceramics used was de-

rarmined by the x-ray dif=rion (XRD) method (Cu Ko
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FIG. &. A modified Sawyer-Tower circuit for measuring hysteresis loops.

characzaristic line) using powder diffractometer SCINTAG
VAX 3100 svstem. A spectrum produced by the Ka: line of
a Cu sourcs was stripped off.

All measurements were carried out at room emperarure.
A smail-signal complex dielectric constant ¢f; at frequencies
far from cesonances was calculated by neglecting nonlineari-
des and using Egs. (7), (15), and (16),
. Dleey gy

E RpdwE, (18)

jia’.f'-ﬂm
g e y

whera 1", is the amplitude of e applied voltage and 7 is
the “mizkzess of the ceramic sample. Since e} is compiex. it
also contzins informarion about losses: dissipation facic
:DF is wrinten as

DF=uni~¢}))) 19

N

caiculations that the parailed

It was assumed in the e--

resistanca-capacitance (R, C y circuit describes aelecmical
charzasaristics of the ceramics. Smail-signal complex piezo- -
glagims sonstant ds; was caicuiated from Eq. (7) using e
magniucée of the first harmonic of the strain §.

i) i (D
’)Z;nej\:y

En

1201

=

-3t

IV. EXPERIMENTAL RESULTS

=il measured values. excapt for those characterizing
avsiarasis loops (e.g.. coercive deld E, and remnant polar-
izatica P.) were root-mean-square (rms) magnitudes. The
rasuits oresented here wera obtained under alternating 2iec-
mic 32id without de bias. Measured small-signal dieleswzic
ané ctezceiectric characteristics of PZTSH. 3203HD. and
AL

PXIZIN :eramxcs are shown in Table L Since D‘“ o (E .,
ang §'; e"’S /E,,, at a low levet or E,, are equal to €33 and
cespectively. it is convenient to analyze rados

TA3LZ . Small-signal parameters of invesugated commercial cerasmucs.

Small-signal properties

E.. P.. day

KVicm  pChm® sV Relative ;. DF.
Mizizmai 120 Hz) (0 Hz! IO H2 (100 Ha) (100 Hz)
3.2 200 ~236 3285 n.012
3.4 0.7 ~-288 304 0.017
3.6 383 ~ 340 3561 0.016

V. 0. Kugel and L. €. Cress

Relative Amplitude
I
i

Phase (Degrees)

3 =

7

60 02 04 15 03 10 12 14
Elecwic Fiaid (kV/iem rms)

TIG. 7. Field dependencies of the r=i2ave ampiitudes of D‘”a"’D /E ., and
s /E, and of their phases for 2X3330 ar {00 Hz.

Dy 24"3 /E and ${0¢¢%¢ Z_ 15 a function of £,,. Rela-
dve <hange in the ampumc’=s 3f these rarios and their phase
charzcreristics as a function cr I ror the ceramics studied
are shown in Figs. 7-9. Dy-2%5 /E,, and §{12/%% /E,
;er> normalized with respect 2 their value at low electric
e:::. ,..,,< 20 Vicm. As is se2n om these graphs. for all
tuciad polarized ceramics. e :ezd dependencies of the am-
.;des and phases of D} zd 531 for each type of ceramic

h

v

QOHz -

.
%
1 r;-
O

Reltive Amplitude
L2

’

LR o @

LE Y]

Phase (Degrees)
I
1
<4

00 Q02 2+ s 08 1.0 1.2 1.4
Elsciz Feld (kV/em mms)

FIG. 3. Field dependencies of e =ianve amplitudes of DY)z “3'/E, and
. i, _ . _
5. _z¢%% /E,, and of their phases fzr 9ZTSH at 100 Hz.
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FIG. 9. Taid Zapendencies of the relative ampiirudes of Di!)e/¥s /E., and
5122437 Z_ :nd of their phases for 32035D t 100 Hz.

was var similar in the range of J-i.4 kV/cm. Additional

experzmenis showed thar this is aiso valid for electric deids

at least up 0 2.1 kV/em. A small chase shift berween DY
and 57 czan be auributed to the 2xperimental limitations in
determining the strain phase by means of the stain gauges.
Amplizuces D‘_-.i,,‘ and S!) increased aimost linearly with in-
creasing £, except for e initial part (£,

<0.1 x%/¢= rms) where the dependancies were more com-
plicata2. it -wvas found that therz was small hysteresis in
Dy E.; 2ad S\ (E,) dependencies: upon decreasing the
amphc:.ce of the applied electric deid from the maximum to
a smazil wvalue (less than 10 V/cm) the value of
DY E_;/E., and S\ )(E,)/E. 1 E,—0) exceeded their ini-

tial r.oiituces by several percant. The relaxation time was

on the orc of dozens of minutes.

A swud of the etfect of de bias was also conducted. [t
was found chat the shape of functdons DY)(E,)/E, and
S'll,,'.E -,/ E. depended significantly on biasing dc electric
field. I7 he Siasing electric field was high enough. functions
DY NE_,/E., and S\ )(En)/E. had a bell shape. i.e. they
even ¢zcraased at a certain amplituce of the electric field that
was net the zase for zero dc bias.

Tre deid dependencies of the rto [v.(0)/ v(£,)]?
of the =iz dispiacement of the piezoeiectric cantilever (Fig. 2)
at the Zzndamental resonant frequency of bending vibrations
are shown iz Fig. 10. The measured phase shift between the
applied eieciric field and tip dispiacement was g, =~ — /3
=15°. As is seen from the fgure. (v(0)Y/v.(En)]*

reased aimost linearly with increasing electric field -except
for low 2iecz=c feld. From a comparison of Figs. 7-9 and
10. the Zeid Zependence of (v, (0 v \Em)] was more mod-
erate  than that -of functions \(En)/E  and

‘l: <~
S\mlELiE.
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FIG. 10. Field dependencies of [ »./9)/ v.(E,)]? and of the tip displacemeat
ar resonancs for PXIS50 ceramuc siate in the cantilever configuradon. The
lengra of candlever is 27 mm. the width is |1 mm. and thickness is 0.35
mm.

Frequency dependencies of functions D{YE, and

" ,,,’ £, in the range of 10 Hz-10 kHz in small elecuic deids
{less than 10 V/em rms) are *Psented in Fig. 11. The func-
tons were normalized with rascect to their value at 100 Hz.
As is se=n in the figure. tha ~metxonal dependencies of the
aiecTical displacement and swain 1ad the same tendency of a
slow decrease with increasiag Z=guency. Scattering in the
magzitude of the strain measursd Sy means of the laser in-
tarfarcmeter was probably Sausec by instrumental limitadons
ané sgurious vibrations dus 0 ;e sampie claming in the
oicar. Despite a good stactiity of resuits obrained with the
waia gzuge. it was found far e sain gauge caanot be

o
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used at ‘reguencies above 300 Hz. This was caused by in-
creasing phase delay introduced by the strain gauge.
Freguency dispersion of the amplirudes of the real and
imaginary parts of D/ E,, for PXI550 was also studied un-
der various levels of the applied sinusoidal field. Since a
. smail 2iscuic fieids the real part of the relative dielecic
permitzvity is equal to (DY, &€ .)cosi¢h)) and the dieiec-
ric losses are expressed by Eq. {[9). the electric field depexn-
dencias or these quantities were calcuiated and plotted in
Fig. {2Z. As is seen in the figure. the shape of the frequency

dispersion curves depended on the amplitude of the applied

field. Fieid dependencies of the normalized amplitudes or

Dy:/E_ ar 100 Hz and | kHz for the ceramics studied are
given in Fig. [3. As shown in the graph. a nonlinear increase
in the drst harmonic D, at 100 Hz was large than at | kHz.

=e initial part of the elecmic field dependence of
D‘_:ﬂ,,'/.:’-.' - at several frequencies and the corresponding graph

"
IS

= |+ PZTSH 100 Hz :
=, jo PZTSH I kHz »
=" 13+ PKIS50 100 Hz -
= 3 PKIS30 L kHz o
32 ,, i+ 3203HD W0Hz hre

£ "% s 3203HD(KHz

Z oy

]

z | x .
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FIG. 13, Sieid dependencies of normalized amplitudes of D4/ £, at 100 Hz
.~ Hz for the ceramics studied.
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TIG. 1< Initial part of the eiecmc 32id dependence of DY /E., i severai
Sraguencies and the corresponding zraza of = D4)sinies)) vs DY icosies™
at 1040 Hz for 3205HD sample.

of = DY sin(0p) vs DY, sosichy) at 100 Hz for the
3Z03HD sample are shown in Fig. 14, As can be seen in the
drst zraph. the dependence of DY\/E,, on £, at an electric
feic smaller than 0.0 kV/cm aad significant nonlinearity and
Srequency dispersion. [t was 2iso found that there was a sig-
aificzart time instability in the zbsoiute value of the dielecrric
resconsa at this very fine scaie. Moreover, hysteresis was
obser-ed: even if the amplirud of the 2lecic field increased
from zaro to a refadvely low level of 30-100 mV/cm. the
initiai values of DY, and of e slope of DY\/E, changed
during immediate consecutve measurements. Nevertheless.
if second measurements were repeatéd for several hours. the
sler= of D4})/E,, was almost consistent with that in the ini-
tial measurements. The second graoh of Fig. 14 shows that
the ratio between the ampiitudes of imaginary and real parts
of D4 was nonlinear.

Field dependencies of amplitudes and phases of the first
three harmonics of the elecTical displacement for a 3203HD
sarmple are shown in Fig. 13, Field dependencies of ampli-
tucas and phases of the first and second harmonics of the
eiecirical displacement for another 3203HD sampie are
shcwn in Fig. 16. It should be noted that the level of the
:ez2nd and third harmonics of the electrical displacement
caused by the instrumentai nonlinearides was at least thres
times smaller than the measured vaiues ot DY) and D%}) for
the ceramics studied. The experimental dara of Figs. 15 and
16 demonstrate that despite an increase of D$\/E,, 1.5~1.6
times at 2 kV/cm mms. the relative level of the second and
third harmonics was less than several percent. As shown in

‘Figs. 15 and 16. the second harmonic was polar and it phase
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was close =0 —90° or —90° derending on the mumal dires-
tion of the spontaneous polarization and electric field. It is
also foilows :hat the field dependenca of the amplitude of the
second harmonic varied from sampie to sample. Moreover.
expern rn...u results also showed that the harmonic was un-
stabie ia tme. Surprisingly. the third harmonic demonstrated
saturaticniikxe behavior (Fig. [3). The phase of the harmonic
was cicse 10 —90°.

;

™

i

et 3 ~ 0.03
3 e 3
= —
£ -, ~ 0.02 5
= 5
Z e c
3 - 0.01
= e
= e 0.00

T =82

b -96

Jm

[T

= -100

Phascot . " (Degaees)
Phasc of D, @ (Degrees)

-108

0.8 1.2 1.8 20
Electric Field (kV/em ms)

3.5 Q.4

FIG. i6. Fiaig zecendencies of amplitudes and phases of the first and sec-
and harmonics or -he electncal displacament tor another 3203HD sample.

/. D. Xugel and L. £. Cross 2823

~—e— Rectuangular sulse
= Sinusordal puise

o
©
(=3

y

n n
[=] "

o
-
7}

Chiwge Density (€ few’)

0.05

o
—
o

8

0.0 0.4 23 12 18 20
Electric Field (kV/cm ms)

FIG. i7. Dependencies of the u'r-"ersmlc change in the remnant polariza-
don on e electic field for 3203HD sample.

Derendencies of the irreversible change 1P, in the rem-
nant polarizadon on the electric deld for a 3203HD sample
are shown in Fig. 17. As shown. the change in the polariza-
gdon ook place even at electric fleids much smaller than the
ccercive 2qual to 8.6 kV/cm. From a comparison of the
amount ot the changed polarization for sinusoidal and rect-
angular pulses. the change in the polarization depended on
the ampiitude and not on the rms value of the appijed ele”mc
fleid ‘for :Juises with the same curation).

D: 23, S1(E). and S(D;) hysteretic loops in | and 13
'<Vw’cm mms for a 5203HD sampie are shown in Figs. 18 and

rasgactvely. The frequency of the electic Jeld was 10
Hz. A.> sitown in Fig. 18. S, vs D; was a linear function and
thers was =0 phase shift berwesn 5, and D; while thers was
a phase shift berween D and £ and S, and Zatl kViem
rmis. Tais is consistent with shase characterstcs of the Arst
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harmonics of D; and §, (Fig. 9). which demonstrated the
same behavior. This simple reladon between S, and D;
broke under an electric field that was higher than the coer-
cive fieid (Fig. 19): the behavior became hysteredc. [t was
also found that under this level of the field. hysteretic loops
decreased in time but they could be restored by holding the
sampie under zero field for a time depending on the sample.

Part of XRD spectra (29 scan. Cu K, line) and their
deconvolutions tor poled and depoled 3203HD ceramics are
shown in Fig. 20. This rangs of 24 was chosen since the
terragonal ( T) and rhombohedral ( R) phases are distinguish-
abie on x-ray powder diffractograms at a 200/020/002 set of
lines. * The 200 reflections ivrm 4 doublet in the tetragonal
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FIC. 10. Part of XRD spectra (24 scan) and their deconvolutions for poled
and 22zoied 3203HD ceramics. )

pnase while 200 is a singlet in the rhombohedrai phase. As is
sesn {rom the results of the deconvolution. thers was a wiplet
at the 200/020/002 set. Therezcre. 3203HD ceramics had the
chemical composition at the morphotropic phase boundary
1MPB) since both tetragonal and rhombohedral phases were

_prasented in the ceramics. Caiculated from the data the c/a

ratio for the terragonal cell was equal to 1.0133. Comparison
of XRD spectra for depoled and poled ceramics showed that
thers was a significant amount of 90° domain walls in the
retragonal phase of the poled caramics since the 200 T line
did not disappear upon poling the sample.

V. DISCUSSION

In the discussion of the experimental data. it is conve-
nient o begin from the mathemarcal analysis of field depen-
dencies of the electrical dispiacement D; and strain S, . This
makes it possible o find an adequate mathematical descrip-
iion of the experimental data. Then. physical causes of the
observed behavior of the elecromechanical properties of the
501t piezoelectric ceramics under the sinusoidal electric fieid
are analyzed.

A. Nonlinear model

As seen from Figs. 7-9 and 13-16. feld dependencies
of Dy)el "(D”/E,,, and Sﬁ:e""f”/ £, for ail soft piezoeiectric
c2ramics studied show an almost linear increase with in-
creasing amplitude of the sinusoidal electric field except for
low electric fields (Fig. 14). Relative values of the second
farmonic of the electrical dispiacement D also demonstrate
aimost linear dependence, while the third harmonic of the
siectrical displacement D; shows a samurationlike hehavior
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(Figs. 13 and [6). Mathematical analysis of these dependen-
cies can provide information as to whether nonlinear or hys-
reratic models are adequate for describing the electrome-
chanical procerties. As follows from the nonlinear model ot
the deld degendence of S| and D; under stress-free condi-
dons. [Egs. (+) and (7)], corresponding dependencies can be
written as
=L - 2+ ol
Si=dnf+=Ryf Rymk , @an

POl SN S > S Sk B
BT epET eyl

3

D

As rollows rom the spectral analysis of Eq. (21) for sinu-
soidal applied clectric field E=E, sin(wt), the first three
harmonics of S, and Dy (not inciuding the dc component)
can be written as

3

. 3 :
LY . 2 . .
Sy= dSl_IR333lEm""}E1 sinwt),
(22)
JIPCE| | s !
3= -:R_:;IE,,,é----/E,,, sin :wt~§- ,
§$3= _f‘?;;;lEii----}Em sin Fwr=1),
HE g L. SN @I, -
(23

133Em T | By sim Jt -;),

\
w0 | Ep sini For =),

V)
i
[
‘ll\
*
w
G
t
Jv
]

As seen fom Z3s. (22) and (23). the sedes in brackets con-
sists of céé cowers of £, for even armonics and of even
powers of 2. Jor odd harmonics or 3, and D;. Keeping
only ~wo frst :arms in the series excansion of the harmonics
of D. corrasconding approximatng ‘unctons can be writ-
tea as

ft
(N
+
S

e 2l » 29

m
whers o, ar2 3tting parameters. Thus. five constant param-
eters are used or approximation of the amplitudes of the first
thres harmonics of D3 with polynomials. Fitting experimen-
tal dara of Fig. 15 for the first three harmonics of D5 accord-
ing to Eg. /2% is shown in Fig. 1. Clearly, the functional
dependencies of zhe first and third harmonics do not describe
satisfacroniv the sxperimental daca. The first equation in set
(2+) corresconds 0 2 quadratic dependency while experi-
menczi data “or Dine’ 5 /E ., demonswate an approximately
linear Zegercance of the amplitude on the applied electric
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FIG. 1l. Firing nonlinear model to experimental amplitudes of the first
=2 harmonics of Dy for 3203HD sampie 1Fig. 15).

field excapt for low electric fleids. Moreover, as sesn from
Eas. (22) and (23), the fact that there are no losses in the

nonlinear model of D{e/%>" and 5\1e/*s " contradicts ex-
pecimeztal results, which showed 2 steady increase in the
phase shift with incrsasing amplirude of the electric fieid
(Figs. ©=9. and 14~16). The noniinear function for approxi-
adng e third harmonic [last equation in set (24)] departs
significandy from the experimental data. In addition. the
phase of e third harmonic according to the model should be
= [Ea. +23)] while the experimental values are close to
-2 :Fig. 15). Using Egs. (3). (11.. and (12). it can be also
shown that for the nonlinear mode! the relative change in the
resonant Zrequency squetad. [v,(01/ v, (E,)]°. is described
by 2 quadratic law simuar to one Jor DY VE,, and S'/E.,.
Nevwartheizsss. comresponding 2xperimental data (Fig. 10)
demonsirare approximateiy linear dependence. Thus. as fol-
lows from the analysis conduc:ad above. the nonlinear model
does ot srovide an adequarte description of the electric field
dependencies of the smdied siccromechanical properties of
the sort siezoelectric ceramics under stress-tres conditions.

B. Hysteretic model

As was discussed in Sec. . a hysteretic model can be
suggested as an alternarive for descriving the behavior of the
soft piezceiectric ceramics under appiied electric feld. The
main pecuiiarity of hysteresis is muitivaluedness in tunc-
rional dezendencies. It should be aoted that from the math-
2matical “iewpoint the nonlinear model is a partial case of
the hvsierstic model. v

As ~as shown in Sec. [I. Eq. 1]4) is the most general
aysteretic function which can characterize electric field de-
sendencies of Dj and S| under stress-free conditions. There
is an axperimental confirmation that soft piezoelectric ceram-
ics demonstrate hysteretic behavior in the electric field. As
“ollows from Fig. 17. an imeversible change A P, in the rem-
nant zolarization takes place in the periodic electric field that
is much smailer than the coercive one (Fig. 17). This irre-
versiple change. i.e.. hysteretic process. contributes o the
obsered increase in the amplitude and phase delay of har-
monics of D3 with increasing electric Held. A qualitative
analysis regarding the correlation in the behavior of D, and
L p -~iil be given later.
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F1G. 22. Schematic view of munor hysteresis loop.

We tegin from the analysis of the second equation in set
(12}, Assuming thar the dependence D3( £) is hysteretc. and
negiec::; Ov frequency-related hysieresis. one arrives at the
model of the static hysteretc ransducer.? According o
Mayverzovz.!® there are two types of static hysteredc trans-
ducears: one with local memory ia which the past exerts its
infiuencs upon the future through e current value of output

te.2.. D::. and one with noniocal memories in which futurs
outzur ~ziues depend not oniy on its current vaiue but on
past exTame values of inpur te.g.. £} as well. Experimental

data ‘r siezoelectric cerumics™ demonstrate the existenca
ing and pariaily coincicant minor D3(E) loops. This
hat the future D; vaiue is aot uniquely specified v
urTent values of D; and £. Thus. itis reasonable to considar
tezeaisciric ceramics as avsieratic wansducers with aonio-
2ai mammory.
2c2 2Xxperimental hvsierasis loops D3(£) and -4 E7
‘c deids much smailer then the coercive fieid have
simple geomerrical shapes Fig. 18). truncated Tav-
3 se:'ies can be used for Jdescribing ascending and de-
ncing oranches of the loops :Fig. 22):

o
)

4]
£
[{]
)

—a'E- 3ME:_ 7.,.'!E.:.

j/'lE:’.

Di Ev=DY(0)-a'E- 35 -

. B. and y are tunctons depending on the corre-
s;onc’ing sequence of past exwemum values of the siecTic

’

aeid: superscripts “u” and JT describe asc“nding and de-
scencing branches of D:. respectively (Fig. 22). Clearly.
sain §. can be described by the equations analooous 0 =g

[IR]
th

h=BIEE. U
(B4~ BIEL— B85

Ev&'D'.{(O)“‘\a‘\“il"E..’}E‘

V]

|l.._-..a

V. D. Kugel and L. E. Cross

~In the periodical electric fieid with two extreme values
—E., and +E,, the following initial conditions are fulfilled
for steady-state hysteresis loops:

DH(E,.)=D4(E,), )
(26
D{{=E,)=D4(~E,).
In addidon. in this case a. A. and y are functions of £, onlv
Using Eq. (26), Eq. (25) reducas 1o
D3(E)=D{(0)+ a(E,)E=AELE?

BYEn)E’, up.

(BX(E) = BYUE ) EL+ BYE,)ES  down.
(27
wheare
alE,)=a'=al,
(28)

nEq)=v=y

us. as seen from a comparisen of Egs. (21) and (27). the
}!0 r's expansion v.oe'ﬁc.enta in the hysteretic modei be-
Sme a function of £, and 2 relation between D and £
S2comes 2 muitiple valued function. Fourier's analvsis of
zarmonics of D; for the avseredc model (27) with £
= £, sin(wr) gives

_| ,.'

)(:'

. . YE, -33YE,)
D:)‘=D‘~_:(O)"B d : L L E_

m?*

Di'={aiE,)+ } nE,;1E, siniwo)

4 . .
-3z (-B%E&.=34E,)]E;, cos(we).

Dy'=% (BUE.)+B“ELIES, m( lwt—

.AJI :]1

DY'==t wENE sintFwn

5o (= BUEL = B"(En) ]ES, cos(3we).
In fzrroelectrics such as soff piezoelectric ceramics. which
Aave a significant amount of domain walls and very compiex]
2iastic boundary conditions. it is reasonable to assume that
Zunctions a(£.,). B(E.,). ad ¥(E,) are rather smooth and
are well described by truncated Taylor’s serdes at amplitudes
ar the electric field much smailer than the coercive one. AsA
“zmaing that y(E,)=0 and expanding a(E,,) and B(E,,) i
Turlor's seres and using oniv the first two terms in thes
series. Eq. (27) reduces ©

down,

=B+ BIELE
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where a@,. ¢, By. and B, arz the expansion constants. It
can be shown that Eq. (2) introduced by Lord Rayleigh for
descriting the hysteresis in maznetic media is a partial case
of Eq. 130) when the reference level and it's change in the
elecic feld are neglected in Both equations and @y = ;.
@ =13= ~2B3=pr. and B¢ 3d

Corrasponding 1o Eqg. (30) the frst four harmonics (in-
cluding the de component) are

q(lB“)_ﬁ

Eg=BP+p%e, .
E-

D" =D%(0)~ 7 =

Dy =(ag+a E,)E, sinfwr

+ RAIN 9] >
=32 (Ao + By EmiE7, cos(wt),

-

(31)
' : (2) 7!
Dy =24 ‘E ELE: simt Jot= 3,
3 i} e ol
DY == (By '+ B\ En)E?, sini Jwt—;)
.o b - !
whears
Y =3V E,=By= BiE,~ 31 - 31~ B{En.

3y -3 E,=p4+pB'E, -5 -3E,.

Thus. Ec. ':" ! can be considers< s 1 drst order approxima-
tion for Zascriping harmonics of ™a hysteresis dependenca
of D: on 22 sinusoidal electric deid Z=£,, sinfwr). A serof

guations znaiogous to =g. 13i’ :2n be also written for
St £ As is seen in Egs. (29 2nd 31). there is a phase
deiav = 3 ia the first harmonic . . which appears. owing
to the ays:arasis. It should be noted Hat in the type of hys-
terssis lcoz schemarically presemed ia Fig. 22. 8Y(E,,)>0
and 3% £..:<0. Therefore. the phasz 3¢ the first harmonic is
always a2 ; ive. The sign of the piase of the second har-
monic dazaads on the sigh of the sum 8“(E,,) ~ 58 (E_.,,).

’ De;enamg on -the mutual direction of the remnant polariza-
tion and 12 appiied electric feld. the sum can be positive or
negative. Tae sign of the third harmonic phase can be nega-
tive or positve. put for the dependence represented by Eg.
{30) it shouid be =<2, Thus. in te Irst approximation the
phase shift >r the second harmonic is = =2 and of the third
one is —2 {Ea. (31)]. This qualitzdve anmalysis of phase
charactaristics of the first three harmonics of D5 is in agree-
ment with ;52 2xperimental data of Figs. |3 and 16 [t shouid
be noted ::ar the nonlinear model :E.:s 121)-(23)] fails to
expiain the ohase shift in the first Zarmonic and gives a
wrong phase of the third harmonic.

As foilows from Eq. (29). DY, siniey VDY) sintgy")
=3 and corrzsponding vaiues calculated from the experimen-
tal data of Fig. 13 are given in Fig. 23. The theoretical value
is smailer than the 2xperimental ratio. which equals approxi-
mateiv 13. "W assume that the discregancy is related to the
limited accusacy of the presentation of the hysteresis by the
cubic ;m}nc“.xals in £ [Eq. (25)]. which gives the hysteretic
part -acresented by quadratic terms in Eg. (27). Analysis
shows that :¢ e hysteretic part of the Jependence D5 £) is

descrited 3v che term including Z° only. :he S Te)
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FIG. 23. Experimentl values of DYlsiniciWD{sin(¢d") from data of
Fig. 1%

D! sin(el VDS sin(¢y) is equal to 21, which is larger
than the axperimental value. Therefore, polynomial D;(E).
which includes terms up to the fourth power of E. should
give 2 much better approximarion for the third harmonic.
sinca. in this case. the hysterzric 7an of the dependeqc\. is a
comb nation of terms conwining £° and £*. To overcome
e Ciscrepancy in the presentation of the third harmonic
_.j_, e harmonic can be spproximated by the funczion
reperz:onal to the corresponding part in the frst harmonic.
Therarcre the last equation in e set (31) ransforms 0

ararore

'U US,.

,-

3By -8\ ELE ;mn Swr— {33)

Dy = } 33

lv' :]

inailv. raking into account & fact that the phase of the frst
rarmonic is relatively smalil. die foilowing set of approxima-
ion functions can be written for 2 hysteretic model [for see
comparison Eq. 24)]

Dl

—_—= O.’() a, E

-

e

[y

uB 3y En)En
‘. J a':)‘
G HBR+ByELE.
Din '

: 3) 3] !
BB+ BVE,E,

[> S

{34)

a0+alEm

DY
D;}"— 0‘0"&15,»

Thus. seven parameters descrive first three harmonics of D5
lincluding the phase of DY'") in the model of the hysteresis
wansducar. [t should be noted thar Eq. (33) for the third
harmonic does not follow from Eq. (30). Fi tting Eq. (34) to
the sxperimental data of Fig. I¥ is shown in Fig. 24. As is
seen from the graph. there is g good agreement berween the
hvsteretic model and the experiment except for low electric
delds. Using results of the fit parameters. the hysteresis loop
(Eg. {30)] can be restored. From the loop. the irreversible
change in the remnant polarization AP, during one cycle.
which is eguai to (85 + 8YE, - oq-,3“l: YEL [\ec Eq. (30V]
can se Jound. Calculated AP i< i good agreemont with the
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thraa ‘:mro".:ca of D; for 3203HD sample Fig. 13

me«ureﬂ' r2suits using the sinusoidal-pulse te"'nnique (Fig.
: he discoepancy dees not excesd 20%-25%.

Thus. z2nalvsis of the nysteretc : -nodel of D5(E) con-
duczad zrove demonstrates that the model is a2 very good
approximation for describing the behavior of the electrical
dispiacemant D under the high electic field and stress-free
conditions. A simptification of the hysteresis loop D3(£) can
be made since despite a significant change in the dc compo-
aent and :irst narmonic with increasing elecwic field. the
refarive laval of the second and third harmonics does not
excead severai percent (see Figs. 13-17). Theretore. Eq. (30)
reduces ©

Dy Z.=D"(E,) =D

Thus. the dielectric response of the soft piezoelectric PZT
ceramnics o the appiied sinusoidal eiectric field. which is
smailer shan the coercive one. basicaily consists of two com-
ponaats: the de part and ac part at the same frequency w.
Usually since oniy the first harmonic is of importance.
changes ‘n :he remnant polarization level can be omitted and
compiex-function formalism can be used for describing the
dieiectric r2sponse:

D}i‘.,= €AEDEn. (361

DYEn). E=E,siniws). (35

where D7, is the complex amplitude of the ac «.omponent of
the c!ec:::cal displacement along the polar axis. and €15 Em)
is the compiex dielectric permitivity in the sinusoidal elec-
tric deic. -vhich is approximately given by [ses Eq. (341]
- - . L1
E:-‘..'; E'-. =i Q")— a!Eﬂn)e / mmm'“imdf‘
(373
where . ;rac{icullv coincides with small-signal dielectric
permutivity. a,=el. [t should be noted that Eq. (37) is
zind ary for the case when no Je bias is applied (The elec-

) , P
—d‘( EE ilan= X Cm;:
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tric fleld changes rrom ~E, o —£,). With the dc bias
applied. function 633( E,) can differ from that described by
Eq. (37).

As seen from Figs. 7-9 thers is 2 strong correlation be-
tween pairs D‘”e“’D /E,, and Sx,.,"" "IE ., for all ceramics
studied in electric ﬁe!ds 0-1.4 kXV/cm tms. Therefore. the
suggested hysteretic model should Ze also valid for function
S{{&) in this range. Corresponding to Eq. (36) the strain-
fieid celation under swress-free condidons is

T =ds(En)En, (38)

where ST, is the complex ampiirude of the ac component of|
the mechanical strain in the direcion perpendicular to the
polar axis and djy(E,,) is the complex piezoelectric coeffi-
ctent in the sinusoidal elecaic deld: the coetficient is ap-
proximartely described bv the funcdon directly proportionall
to the right part of Eq. (37). Thus. s follows from Egs. (36)
a.nd (38) experimentaily measured complex functions
DY)e#3 1E, and $\2/% IE,, (ses Figs. 7-9 and 11~ 14) are
eﬂual o complex dielectic =-~\E ) and piezoelectric
d::t E,: coetficients. respectvaiy.
It is also reasonabie to assume :hat the behavior of eias4

tic progperies of soft piezoelecwic seramics is of the hyster
2tic tvpe and mechanical compiiance 57 I( E,,) is descriped by
a formuia similar to Eg. (37}, Tharafore. the first harmonid
sfiould »e dominant in the ac cemponent of the mechanicay
ra2sponse and should increase linsariv with increasing ampii
rude of the 2lectric fdeld. Thererfora. the fundamental resonan
rrequency of bending vibrations :ader stress-free conditions
instead of Eg. (12} is described tv ’

<7 U\ GsiEap

where s3,(E,)| is the ampiituce of the elastic coefficien
As foilows from Fig. 10. {s{{£-.: increases almost linearly
with increasing electric deld that ‘s consistent with the sug
gested nysteretic model. The feid dependence of the ampii
fude of 57,(E,,) is more graduai than that of €)5(E.,) an
d:;v £.,. For example. for PKIZ) ceramics. as tollows fron
Fig. 7 and Eqg. (37). !s AER) € ~\O)[:0 981+0.251£, an
as foilows from Fig. 10 and Eq. (39 ls,,(E,,,)/s,l(O)l
=0.998-0.097E,,. where £, is in kV/cm rms. Thereforg
the slope of the function s7)(E.) is about 40% of that 9
€35 £, for these ceramics.

Thus. the analysis conducted 2bove strongly supports th
aypothesis thar hysteresis is the cause of the high field bg
havior of the soft piezoelectric ceramics. Previous works'>
»iggasted that the dependencs of piezoelectric coefficien
:7 appiied mechanical stress is iso of hysteretic type. As
ogicai sequel to this. it can be assumed that under simult
neous action of the electric field and mechanical stress.
2iecrromechanical response of the ceramics will be esses
fally of the hysteretc type. If sinusoidal electric field is al
ciied along the Z axis. and sinusvidal mechanical stress ac
along the X axis. the tollowing set of equations may approx
Tatels describe the electromechanical response:
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ST"r |(Em-Tlm)T|m dSI‘E Tlm)Em'
(40)

D:?.'-r =d_;1(Em 'Tlm)Tlm‘_eéz E.ﬂszlm)Em

where T .. is the amplitude of the mechanical stress. de com-
ponents are not inciuded in set (401 [t should be noted that
there is 2 principal difference berwaen Egs. (5) and (6) cor-
responding to the nonlinear model and Eq. (40) describing
the hyvsteratic model. First. Eq. (40 describes relations be-
twezn complex amplitudes while Egs. 75) and (6) are related
to instant values. Second. in the nonlinear model. a signiti-
cant incraase in the first harmonic of the efectromechanical
rasponse implies a corresponding significant increase in the
amplitude or higher odd harmonics [see. for example. Eq.
24)]. This is not a true for the hvsteretic model (40) in
which oniyv first harmonics are taken into account since ex-
periments show that higher harmonics are not significant at
elecmic deids lower than the coercive one.

Berore sroceeding with the anaivsis of the physical rea-
sons for the observed hysteretic behavior of soft piezoelectric
caramics. several imporant remarks r2garding limitations or
the devaicred hysteretic mode! siouid be made. The sug-
gested hystararic model is of a static type. Le.. it does not
take inro zssount the frequency dispersion of electrome-
chanical characteristics of the ceramics. Experimental dara
(Figs. 11-1</ demonstrate that thers L> a small frequency
decendenca in e measured elecirical displacement D5 and
mechanical strain §p: the frequency dispersion is also a
funczion of the alectric field. Expermental data also show
|F:z i+ ot there are pecuiiarities in the behavior of
ar low 2lectric felds that ara nor described by Egs.
i37) and -9 Fi inally. :1c~.ordm~y to Ex. 1371 the phase of the
dieiacic camminivity e_;;,( E,,) approacies zero at low elec-
tric delds. ~hie corresponding 4\:...me'1ml values fail
within the rang=-10.2°-1.0°) 1se2 Fig. 22). Thus. there are
dieies:ric losses having nonhysteratic nnvm that are not in-
cluced in th2 :uzzested hysterstic modei. Nevertheiess. the
hysteratic moecai describes the main cecuiiarities of studied

aieciromecianical properties of soft ciezeeiectric ceramics at

aigh 2lecrric Zaids.

C. Physical maodels

[nn this section. possible physical mechanisms of the ob-
served cehavior of soft piezoelectric c2ramics under the elec-
ric fdeic will se analyzed. As is seen from Figs. 7-9 and the
conesponcm: avsteretic model [Eas. (361 and (38)] there is
a strong corraiation between complex dielectric e--( E,) and
piezceizciric .1 £,,) coetficients for ail caramics studied i m
the zleciric feid of 0-1.4 kV/em rms. The data of Fig.
demonstrate hat frequency dependencies of eb( E.) zmd

d:;( E.) are 1iso similar. As is seen from a comparison of
Fxos 7 and 10 2nd Egs. (:6) (38). and (39). the field depen-
Jence of the ampiitude of .)”(E,,,) is more gradual than that

: eg’s(c-; and d1( E,,). Comparison of D:(£). Si(E). und
.- D+, avsierasis loops (Figs. 13 and 19) also shows that
there s a linazr -2iation. without phase shift. between D5 uand
S. in the eiecimc deld of I kV/iom ams. In electric Helds
higher than :ne zoercive one the correlation breaks up: the
elecimical displaca 'ﬂent D and strain 5, behave in a very

erte.’ent mannac Fl"
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One possible explanation of the observed behavior of the
electromechanical properties of the caramics is based on the
mode! of the domain wall and interphase boundary motion.
According to this approach. the rzorientation of the sponta-
neous polarization of microscepic domains under applied

tm fleld contributes to the dielectric. piezoelectric. and
1.1 response of the media.****' This extrinsic contribu-
:ion w the electromechanical properties was estimated to be
aspeciaily significant for soft piezoelectric ceramics.”' XRD
dara (Fig. 20) show that the ceramics studied consist of a
mixture Of tetragonal and rhomoonedral phases. 180° polar-
ization switching in both phases does not produce a change
in the three-dimensional strain. The angle characterizing the
r"'lombo'ncdral cell is very close 0 90° in PZT ceramics at
MPB.-- therefore 71° or 109° polarization reorientation in
this phase also does not produce 1 significant change in the
space posicion of the domain. Thus. the above discussed do-
main processes can contribute mainly to the dielectric re-
sponse in PZT. 90° polarization rzorientation in the tetrago-
nai state and the tetragonal/rhomoonedral phase boundary
mouon <2n contribute significantiv w0 both dielestric and pi-
2zoelectic responses since the poiarization change is accom-
panied 5V 2 significant (up to ;e.‘..l percent) change in the
Jdomain Jimensions along certain Zirections. This domain re-
orzantzricn also causes mechaniczi siress in the media that
r'. :aily produces an apparent changs in the elastic properties.
aerarore. according to the modai 5ased on the polarization
recrigntation. an increase in e 90° and tetragonal/
rromeonedral polarization reorizncation shouid be respon-
sicie for an observed increase in e_; E,,,) dy(E,). and
57 £, vith increasing electric daid. Clearly. hysteretic be-
navior of :he 2lectromechanical charace ristics is also a result
or -he zolarization reorientation. When the electric teld is
;ur*.:“...tz' high. 180°. 71°. and (097 poiarization switching
orobabiy oecomes dominant. Therefore. D;(E) and S((£).
uniike or deids smaller than the :cercive one (Fig. 18). be-
have in a Jirferent manner (Fig. i%. [t is rather difficuit to
devaiop a corresponding quaiitative mathematical model
since it snould take into account :he polarization reorienta-
zion in numercus domains with corrssponding complex mi-

scopic boundary conditions. It sqould be noted that it is
uncizar from the model of the domain wall moton. why
funcions s;;(E,,,) and d;{ E,,) uncar zero bias behave in a
similar manner as follows from the experimental data. In

genaral. 907 and tetragonal/rhombonedrai polarization reori-
sntation shouid not nec essarily conrribute equally to the
changs in the dielectric and piezoeiectric functions.

Sort piezoelectric PZT ceramics consist of numerous
grains with extremely complicated domain structure and pos-
sess warw high electromechanical counling. Thus. the appli-

ﬂv

'l

I

" cation or eiectric Held to the ceramics can cause a change in

the internal mechanical stress acting vn 2 microdomain since
this microdomain and its surrounding matrix mav have a
differsnt ortentation of their polar axes. This change in the
mechanical siress. in wm. can affect macroscopic electrome-
chanical characteristics of the ceramcs. Therefore. @ model
can se sugzested in which the observed changes in the elec-
romechanicai properties of the ceramics are attributed to the
changz tn the MICroscopic mechanicai sirass acting on terrag-
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onal and rhombohedral microdomains because of the zpplied
eleetric deld. The stress is a r2sult of the interaction of a
rm codomain with surrounding zrains and domains. Hyster-
atic behavior of the electromeshznical characteristics is prob-
ably Zaused by the hysteretic nziure of this interaction since
mechanical properties of the surface of grains difter trom
those of the microdomains. Calculations based on the ther-
modvazmic theory™=* of the j2roelectric state of PZT ce-
ramics with composition on the morphotropic phase bound-
ary sfow that compressive and t2nsile stress on the order of
10—~29 MPa can cause a corresponding change in elecTome-
chanicai properties of ceramics on the order of 109 —20¢%.
This value of the mechanical swass as well as corresponding
changas in piezoelectric. dieleciric. and elastic properties are
quite raasonable for the sort PZT ceramics. This model is
appiicabie only if the ampliude of the electric fdeld is
smaller than the coercive deid. For fields grater than the
coercive field. polarization swiching should dominate (Fig.
191, It should be noted that the érfect of the intermal stadc
mecanical swess was suzgest“' = as being responsible tor
the nuigh dielectric permimvity of fine-grained BaTiO: ce-
ramics and the theory was proved correct experimen ta.llv
Nev er::.eiess. at the present ‘evei of knowledge ot the physi-
cui oroperties of soft PZT caramics, it is impossibie 0 deter-
mine wilch model—har of 2 Jomain wail motion. that of
of 2 internal stress. or thorof sheir combination—is valid.

Vi. SUMMARY AND CONCLUSIONS

Iz this work. experimentzi and theoretical studies of the
tenmzvicr of dielectric. piezeeizemric. and elastic characteris-
i3 of commercial soft siezoeiectric PZT ceramics in the
sinusoical electric fleid appiisd along the poling Zirection
undsr mechanical swess-i722 conditions in the {Tegquency
sanz2 10 Hz-10 kHz wers :2zducted. Experimental resuits
Z2rmonsirate that ampiituées é phases of the harmonics of
raiazive strain §) ! ’/E,, and of s2iative electrical disni(.c ment
D . 'E.. increase similariv wis: increasing amplitude £, . if
e ;fnnucude is less than ceeraive field. An increase in the
cuars of resonant irequency o7 of electromechanically de-

sied bending vibratiens ‘s more moderate. These ampli-
mcs Zapendencies ara verv weil described by linear func-
ons e.\cept for smalf elect: jelds. Relative ampiitude of
e second harmonic of e electrical dispiacement.
D1 ‘D.‘,,: which is polar also increases almost lineariy with
incraasing £,,. The relative :tird harmonic DY)/ Dy, dem-
2nmsiratas satrationlike benavior. Based on these ='<nenme"-
:ai Zzrz a novel model. in which the ceramics are considers
1o -enave like u hvsteretic wansducer. is deveioped. This
zzrroach makes it possibie to 0 model hysteretic dependen-
zies of the electromechanicai characteristics and to relate di-
r2oiiv slectnic field deﬂc'uh wies of complex piezoelecwic
szerficient <1,l(E,,, yand 5V £.,. of complex dielectric per-
mizivity €(£,,) and DY “E..and of the amplitude of elas-
e compliance s§(E,) and 3. The model sffectively de-

o

scmz2s field dependencies of the first three harmonics of

V. 0. Kugei ana L. £. Cross

D:(E,). as well as the iravarsible change in the remnant
polarization under pulsed electric field. Several pnysical
models for the observed behavior were analyzed. In one ap-
proach. the explanation is pased on the 90° ferroelectric do-
main and tetragonal/thombonedral phase boundary motion.
In order to better explain the experimental results. a new
physical model was developed. According to the model. the
observed change in elecromechanical properties under the
electric field is caused by the field dependence of the me-
chanical stress acting ar indardomain boundaries. It is as-
sumed that this stress is caused by the electromechanical
interaction of a microdomain with swrrounding micro-
domains and grains. This surrounding media acts as a vis-
coelastic structure that causes hysteretic behavior in the elec-
tromechanical properties.
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A type of high strain piezoelectric ceramic actuator. namely. pseudoshear muitilayer actuator. is
described. In this structure. a stack of prepoled rectangular piezoelectric transducer ceramic .sheets
are conductively bonded at alternate ends, while the bottom laver bonded on a fixed base. When
driven. alternate layers elongate or shrink in the same direction through converse piezoelectric
etfect. which results in the actuator structure developing a strong shear motion about the face
perpendicular to the bonding direction. Experimental results indicate that more than 50 um
displacement can be achieved from the top layer for an actuator consisting of 18 layers with
dimensions of 25.57 mmX+.02 mmX0.51 mm (1 X w X 7). By reducing ceramic sheet thickness and
using more layers, even large displacement can be obtained. and driving voltage can also be reduced
while keeping the same field level. Nonlinear piezoelectric response under high driving field further
enhances the displacement level. © /998 American Institure of Physics. [S0003-6951(98100418-5]

Piezoelectric actuators are usually classified into three
categories: multilayer actuators. bimorph or unimorph bend-
ers. and textensional composite actuators. Multilayer actua-
tors. in which about 100 thin piezoelectric/electrostrictive ce-
ramic sheets are stacked together with internal electrodes
utilizing the longitudinal (d;:) mode. are characterized by
large generated force. high electromechanical coupling. high
resonant frequency, low driving voltage. and quick response.
but small displacement level ( < 10 um).' On the other hand.
bimorph or unimorph actuators consist of two thin ceramic
sheets or one ceramic and one metal sheet bonded together
with the poling and driving directions normal to the inter-
face. When driving. the alternative extension and shrinkage
of ceramic sheets due to transverse (d3;) mode result in a
bending vibration. Bimorph and unimorph actuators can gen-
erate 2 large displacement level but low electromechanical
coupling. low resonant frequency. and low driving force.
Flextensional composite actuator. "moonie”".* consists of a

piezoeiectric or electrostrictive ceramic disk and metal end

. caps which act as a mechanical transformer converting and
amplifving the lateral displacement of ceramic disk into axial
motion. Medium displacement and force level can be ob-
tained in moonie actuators.

Most  recently developed cantilever monomorph.
RAINBOW. and shear mode actuators*™ are basically modi-
fied unimorph actuators with advantage of simple monolithic
structure by which bonding problems usually observed in
bimorph-type actuators can be avoided. However. large dis-
placement is achieved with sacrificing the generative force.
[n this letter. we report a new type of pseudoshear mode
actuator which makes use of a composite structure assembled
from thin sheet soft piezoelectric transducers (PZT) piezo-
electric ceramics. poled in the usual direction normal to the
major face of sheet and driven by electrodes upon the major
faces.

In pseudoshear multilaver actuator structure. N layer

“Electronic muil: yxw4@psu.edu

0003-235° 238,72(18)/2238/3/515.00

fully electroded piezoelectric ceramic plates are bonded to-
gether by a stiff conductive epoxy at alternate ends of the
plate structure as depicted in Fig. 1(a). The bottom layer is
bonded on fixed base with one end. The gaps between the
nonbonded faces of the sheets are filled by thin plastic sheets
or teflon coatings to stabilize the structure. All the ceramic
plates have the same normal poling direction and they are
connected electrically in parailel through the conductive ep-
oxy bond line with the wires contacting alternate pairs of
plates from each side. For PZTs. the piezoelectric o+, coef-
ficient is negative. Tracing now the effect of a voltage ap-
plied between the two contact wires of sign shown in Fig.
ltb). The bottom plate is subjected to a field against the
original poling direction. i.e.. 2 negative field thus. since d3,
Is negative the resulting linear piezoelectric strain is -

.\']=_d31(“.E3)=([3|E3. (1)

If L is the length dimension of ceramic stack. the elongation
or shrinkage of each layer is

dy=dE;L. )

Poling
Bl Ay direction
I gy 3 BT ceramcs
=== Thin plastic sneet

= Conductive epoxy

OO v

(a)
/ poling \

direction

T

R Y s ]

P77 777777777757l e 7 srorassid

(b) ) (c}

FIG. 1. Schematic drawing of pseudoshear actuator structure.
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FIG. 2. Piezoelectric 4y, coefficient as a function of bipolar ac electric field
for soft PZT ceramics (Motorola 3203 HD).

Because ceramic plate are bonded at its right end. the left end
is free and then moves to the left by a distance 4, .

For the second plate in the stack, however, a positive
field is applied along the poling direction. thus plate 2

shrinks so that
d:=—(j3|E3L. . {3}

.

Now the right hand end of plate is free to move which
will move a distance d, also to the left. thus its total dis-
placement. combining with plate 1. is d; +d, to the left.

Obviously, each layer is carried by its following layer
thus the direction of elongation and shrinkage of each layer
are the same. Therefore the displacement of the upper layver
is cumulative from its lower layers. For a stack of V plates.
the totai displacement of its top laver. with respect to base. is

d=d3—d2 ....... +d_.\,<=.Vd_;|E_:L i4)
at the fres end. or
d=dl-d2 ....... '+d‘.\1_i=(.v_[)d3|E3L (5)

-at bonded end.

If the voltage is reversed to the stack as shown in Fig,
l{c). the acmator will now shear over upper surface moving
to the right. Therefore under the ac field. this multilayer ac-
tuator vibrates similar to pure shear vibration can thus be
called pseudoshear muitilayer actuator,

From Egs. (4) and (5). it can be found that the total
displacement of the top layer depends on the number of ce-
ramic laver N, the value of d;;. the magnitude of electric
field £;. and also the length of actuator L. It is interested to
note that. due to £3=V/r. where V is the applied voltage and
¢ is thickness of ceramic layer. the driving voltage can be
reduced by reducing the thickness of ceramic layer while
keeping the same field strength.

Assuming the space between each layers in the actuator
stack is r, . the total stack thickness will be (1+¢,)/V and the
shear angle or shear strain J will be
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FIG. 2. Displacement as a function of electric field for a prototype pseudos-
hear acruator (W= (8, L=25.57 mm. w=4.02 mm, r=0.51 mm).

since r<<L, the stack can be designed to generate large shear

angles. »
From Eg. (6), we may introduce an effective shear coef-

ficient 45 by comparing with pure shear strain. xs=d sE;,

, sl

B D

which is a dimension-dependent coefficient.

To examine the performance of a pseudoshear actuator.
an i3 layer stacked protorvpe actuator with dimensions of
1537 mmX4.02 mmX0.51 mm (1XwX¢) of each layer is
prepared using commercial Motorola soft PZT (3203HD) ce-
ramics. In the multilayer structure. all layers are aligned in
the same poling direction. Silver epoxy (E-Solder® No. 3021
Conductive Adhesives. IMI Insulation Materials. Inc.. New
Haven. CT) was used to bond the ailternative ends of ceramic
sheets. Very fine copper wires were used to connect the elec-
trodes in such a way that each layer was connected electri-
cally in parallel. Thin piastic sheets of about 0.1 mm thick-
ness or silicon grease were used to fill the gaps between each
layer to stabilize the structure. A load of about | kg was
applied on the top of multilayer structure when hardening the
silver epoxy.

To characterize the actuator performance, the displace:
ment of the top layer of pseudoshear actuator was measured
as a function of driving electric field. The measurement setup
and procedure were described in a previous letter.” To check
the various vibration modes. impedance spectrum of actuator
was measured by using an impedance/gain-phase analyzer
(HP4194A, Hewlett Packard Co.).

[t should be noted that for nonlinear piezoelectric mate-
rials such as PZTs, piezoelectric coefficient is electric field
dependent. The data provided by material manufacturers are
usually measured under weak field by resonance-
antiresonance method. and thus are not applicable for the
actuator performance evaluation because strong electric
flelds are usually applied to drive the actuators. Therefore.
the piezoelectric o5, coetficient of of Motorala PZT 3203HD.
ceramics was measured as a function of electric field. A rect-
angular sample with dimensions of 38.0mm.<12.5 mm
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x0.5 mm was used for this measurement. A sinusoidal driv-
ing field with frequency of 50 Hz is used to excite the
sample. The effective df, coefficient was obtained by d5,
=ux,/E;. here x, is transverse strain under electric field £;.
The effective piezoelectric d5; coefficient as a function of
electric tield £ is depicted in Fig. 2. It can be seen that due
to its nonlinear ferroelectric nature. d3; is no longer a con-
stant over the used electric field range for soft PZT ceramics.
As the magnitude of applied electric field increases. d3, co-
efficient increases. The insert in Fig. 2 shows the transverse
strain under weak electric field. It is clear that linear piezo-
electric relation between strain and electric field, x,=d3,E;
is obeyed onlyv at a rather low field level. The measured low
field level d:; coefficient is —318X 10> m/V, which is in
good agreement with the data provided by the manufactur-
er’s data sheet. —320X 10" m/V. measured by resonance-
antiresonance method.

It has been shown®? that the nonlinear piezoelectric re-
sponse in ferroelectric PZT ceramics under high driving field
originates mainly from the motion of non-180° domain
walls. Experimental resuits also showed that dielectric losses
drastically increase with the amplitude of driving field. since
the non-180° domain wall motion is inherently a lossy pro-
cess. But no significant temperature increase was observed
when frequency is far off the resonant frequency of the ce-
ramic sampie. So for off-resonant frequency driving, soft
PZT can be driven under quite a high electric field level.
However. the noniinear piezoelectric response of PZT ce-
ran s has o be considered in the actuator design.

Figure 2 shows the displacement as a function of electric
fieid for the prototvpe pseudoshear actuaior composed of 18
laver PZT ceramic sheets. More than 50 um shear displace-
ment was optained under a driving field of 270 V/mm. A
nonlinear piezoelectric response under high electric field
contributes significantly to the shear dispiacement. Consider-
ing the thickness of ceramic sheet and the space between
lavers (r—r7.=1.61 mm), we can calculate the effective pi-
ezoelectric 75 coefficient by using Eq. (7). Under weak
field. since d+;=—-318X107'> m/V. we have d{5=13 380
X 107" m/V which is about 13 times higher than the shear
mode piezoelectric coefficient dys (= 1045x 107> m/V for
soft PZT 3203HD) of the ceramic material. It is interesting to
note that . is a dimension-dependent parameter. By using
an even thinner ceramic sheet. dfs coetficient can be further
increased. Since d; increases with a driving field due to
nonlinear piczoelectric response. d{; coefficient will also in-
crease as the amplitude of applied ac teld increases.

Frequency characteristics of pseudoshear actuator may
be adduced from the impedance spectrum shown in Fig. 4.
There is not any resonance observed below 1 kHz, indicating
the displacement of pseudoshear actuator may have flat fre-
quency responses in the low frequency range. Two weak
resonances are evident near 1.33 und 3.0 kHz which are
probably due to spurious bending modes. It was found that if
a load was placed on the top of actuator. these two resonant
modes were greatly reduced or even disappeared. By making
more compact structure through better selection of the poly-
mer filler material and better bonding processing, the two
"~ peaks could he eliminated. The resonance at [0 kHz is the
first extended iongitudinal mode which in pseudoshear con-
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FIG. 4. Impedance and phase spectra for pseudoshear actuator in the fre-
quency range of | to 100 kHz.

figuration will now represent the first effective shear mode.
A second strong mode at 26.8 kHz is probably a shifted third
harmonic. Weaker higher order modes are evident at 53 and
90.6 kHz. ‘

In summary, a new type of piezoelectric actuator,
namely. pseudoshear actuator is developed. Large displace-
ment was obtained through this multilayer configuration. A
nonlinear piezoelectric response further enhances the vibra-
tional level of actuator. The frequency characteristics are
also studied which indicated the resonant trequency of etfec-
tive shear mode i1s much higher than that of the bending
vibration mode of bimorph-tvpe actuators. The pseudoshear
actuator has the following advantages: (1) The actuator is
assembied rrom thin sheet PZT already electroded and pre-
poled: 42, shear vibration is realized through ;; mode by
applving ac voltage through the thickness direction so that
high rieids may be realized at low driving voltage: (3) the
generative force is controlled by stiffness ¢, which is larger
than the shear stiffness ¢ ; {4) the magnitude of shear can
be controlled by the ratio of L/(r+1,) and can be very large
for thin sheets.

The pseudoshear mode actuator may have a very wide
range of applications. The sysiems where it could replace
conventional actuators would be linear and rotary motors.
step and repeat (inchworm) type actuators, flow sensing and
flow control. valving and pumping system. and many others.
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Pseudo-shear universal actuator driving flextensional
panel diaphragm low frequency acoustic source

Ruibin Liu, Qingming Wang. Qiming Zhang, Valery D. Kugel, L.E. Cross

Materials Research Laboratory
The Pennsylvania State University, University Park. PA 16802

ABSTRACT

Acoustic source used for Active Noise Control (ANC) at low frequency (80-250 Hz) is designed and developed by using a
piezoelectric ceramic actuator and a flextensional panel diaphragm. In order to reach the vibration magnitude and radiation
area needed for high and flat sound pressure level in the low frequency range. Pseudo-Shear Universal (PSU) actuator has
been used as the driving part which is a new type of multilayer piezoelectric actuator originated from MRL offering the
advantages of large displacement and high blocking force; on the other hand , Carbon Fiber Reinforced Composite has been
used as the diaphragm material which provides a more rigid structure than conventional loudspeaker paper. A prototype
device was fabricated which has the following characterizations: 40 layers PSU actuator with a compact dimension: 38 mm x
50 mm x 23.6 mm. Two of them are needed for a device. Diaphragm area is 126mm X 152 mm. At quasistatic condition (5
Hz) and at the 0.84 kV/cm electric field, 344 um displacement could be achieved at the apex of the diaphragm resulted from
the flextensional amplifying mechanism with an ampiification factor more than 11. The sound pressure level in the frequency
range 100-250 Hz shows better flat behaviour than the acoustic sources studied earlier such as Double Amplifier and PANEL
air transducers which exhibit a significant reduction of sound pressure level in the low frequency range. By a slight
modification. it is likely to make this device in a total thickness of 10 -15 mm range. High and stable sound pressure level as
well as thin flat structure make it'much more competitive in the whole area of applications for low frequency active noise

control .

Keywords: piezoelectric actuator, pseudo-shear universal actuator, air acoustic transducer, active noise control.

1. INTRODUCTION

~

Recently, piezoelectric integrated composite structure has been developed as the air transducer for the purpose of Active
Noise Control in the frequency below 1 kHz. Those transducers consist of two amplifying mechanisms to achieve high
vibration magnitude. One amplifying mechanism is to make use of the piezoelectric bending actuator. Another amplifying
mechanism is utilization of the flextensional amplifving mechanism in the triangle shape diaphragm. Fig. 1 gives a schematic

configuration for this type of piezoelectric integrated composite structure used for an air transducer.

Flextensional Diaphragm in Triangle Shape.

Vibration Direction t Amplifying Factor=L/2h
———

X

L v

<+—Piezoelectric Bending Actuator, —> T

Amplifing factor is proportional to I/t
Vibration Direction €=

‘ ¥ Substrate ‘ '

vz 22 7 0000 . YL

Fig. 1 Principle configuration for the piezoelectirc integrated composite structure




There are many bending piezoelectric actuators: such as bimorph, unimorph, RAINBOW, CRESCENT etc.. All those
bending actuator can in principle be used as the first amplifying driving part. For the diaphragm, low density and high
stiffness material is desired. The loudspeaker paper is the most popular diaphragm material. This kind of composite structure
composed of those parts possesses the advantages of light weight and panel structure.

Two generations of air ransducer prototype devices have been developed since 1994. The first generation was Double
Amplifier air transducer.' Piezoelectric bimorph was used as driving part and loudspeaker paper was used as diaphragm.
Mulnlayer bimorph was also used to replace the traditional two layers bimorph in this structure to decrease the driving
voltage.? The displacement of the diaphragm apex can easily reach the millimeter scale. A far field (1m) sound pressure level
can be more than 80 dB in the frequency range 300-1000 Hz at a driving electric field 0.7 kV/cm.

The second generation air transducer called PANEL ( Piezoelectric Acoustic Noise ELiminator) used the ummorph as the
leg part. Between the two legs, a bimorph was bonded to serve as both the driving and the substrate functions.” In this second
generation , instead of loudspeaker paper, Carbon Fiber Reinforced Composite was used as the diaphragm material. The
second generation prototyvpe device is much more rigid than the first generation. PANEL can also produce more than 80 dB
sound pressure level in the 300-1000 Hz frequency range. This type of device has been already used for Active Noise Control
experiments. An average 10 dB sound pressure level reduction could be achieved.*

However, both generation devices have a common drawback: there is a sigficiantly sound pressure level reduction from 250
Hz to 100 Hz. For Double Amplifier air transducer, the falling off in magnitude is 18 dB (driven by a 0.7 kV/cm electric
field). For PANEL, the difference is 22 dB (calculated sound presure level, driven by a 1 kV/cm electric field). This
inadequacy will restrict the application of these acoustic sources. In daily life and industry area, there are a lot of low
frequency noise sources. such as car engine noise (120 Hz), transformer noise (120 Hz and 240 Hz), turbo prop (70-100 Hz)
and MD80/DC-9 (100 Hz). Usually the lower frequency, the more difficult to cancel the noise by conventional methods like
absorption and barrier treatments.” Thus applying Active Noise Control technology to those low frequency noise sources
needs a specific acoustic source which can provide high and stable sound pressure level in the 100-250 Hz frequency range.
Theoretically speaking, There are two reasons for the reduction of sound pressure level in low frequency: 1. diaphragm
vibration magnitude is not high enough to maintain the sound presure level; 2. vibrating area is not big enough to achieve the
better matching with the air medium.

In this paper, we present a new acoustic source particularly designed for the low frequency ( 80-300 Hz) application.
Piezoelectric PSU actuator is used to replace the piezoelectric bending actuator. Thus big blocking force and large
displacement from PSU actuator make it possible to reach higher vibration magnitude and larger area diaphragm operation.
Prototype device with a diaphragm area 126mm x 152 mm exhibits a very flat and high sound pressure level in the 100-250
Hz frequency. The mass production of multilayer PSU actuator could be eaiser and less cost than other multilayer
piezoelectric actuator. A small modification will make this device with very thin total thickness, which makes it very

promissing to be the desired acoustic source for the active noise control in ultra low frequency.

2.PSU ACTUATOR , AIR TRANSDUCER AND EXPERIMENTAL PROCEDURE
2.1 PSU multilayer actuator and air transducer

Conventional multilayer actuator uses a compact volume to realize a large displacement . The principle for its operation is to
enable high electric field established through moderate applied voltage by inserting thin layers into the stack.

PSU mu]txlayer actuator uses a compact volume to achieve a high displacement. The mechamsm for its operation is to
utilize specific design to get large displacement from an expanded total length. This device was originated from the MRL.®
_The design idea and operation principle are demonstrated in Fig. 2.

PSU actuator is made by stacking the rectangular ceramic pieces with the electrode in the surface perpendicular to the
thickness. The ceramic pieces are poled along the thickness direction, then bond the neibouring piece at the side edge in an
alternative opposite cyclic manner. The ceramic pieces are connected electrically parallel but for the neighbouring pieces the
electric polarity is opposite.
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Fig. 2 Structure and operation principle of PSU actuator

“ When voltage applied to the ceramic plate, a transverse strain will happen through the d3; piezoelectric effect 1o every piece
of ceramic. If the bottom piece expands , the second piece to the bottom will contract. The displacement of the second laver
free end will be the sum of secondary layer volume strain plus the first piece volume strain. The shear dispalcement will
direct to the right. The rest layers behaviour will be deduced by analogy. The displacement of top laver will be the
cumulation of all lavers. When the voltage polarity changed. top layer displacement will direct to left. The free end
displacement of top layer will be determined by the equation:

6=N Xd;,XE X!

Where d is the top laver displacement, N is the number of layers, dj; is the piezoelectric coefficient , E is applied electric
field, ! is length of ceramic plate. :

When the AC voltage is applied to the device, left and right horizontal vibration will happen, which can be used as the
driving element to drive the flextensional diaphragm. Because the displacement is resuited from volume deformation effect,
the blocking force of PSU actuator should be bigger than that of bending actuator. In order ro make the diaphragm more rigid
and improve the frequency behaviour, Carbon Fiber Reinforced Composite was chosen as the diaphragm material. The
Carbon Fiber Reinforced Composite has a Young’s modulus 190 GPa and the loudspeaker paper oniy has a Young’s modulus
0.55 GPa.

2.2 Experimental procedure

_Piezoelectric ceramics used in this device were provided by Material System Inc., which is PZT-5H composition. Ceramic
plate with a dimension 38 mm X 50 mm X 0.5 mm was silver electroded on the 38 mm x 50 mm surface. There is a 3.8 mm
width margin on the right side of upper surface and same width margin on the left side of the bottom surface. The samples
were poled before shippment. Measured ds; for the 10 mm x 10 mm small cut piece is around 600 x 10 12 C/N. In order to
avoid the depolarization, all the curing processing procedures were carried out at the room temperature. J-B weld epoxy (JB
WELD CO.) was used for the side edge bonding among ceramics and diaphragm hinges as well as mechanical connecting
bonding between diaphragm and actuator. Silver epoxy (E-solder No 3021 conductive adhesives, IMI Insulation Materials




Incorpoated , New Haven. CT) was used for electric connecting among the ceramic pieces. Fabrication procedure is shown in
Fig. 3.

ISmm
Electrode 23,6 mm
0.5 mm 7
A

Ceramic Plate

Carbon Fiber Reinforced
Composite Diaphragm

Low Frequency Acoustic Source

Fig. 3 Fabrication procedure for air transducer

To characterize the device properties , the displacements of diaphragm apex and of the top layer of actuator were measured
by MTI 2000 Fotonic Sensor System ( MTI Instrument, Inc.). MTI —2000 Fotonic sensor can perform the displacement and
vibration measurement with the advantages of no contact to the target, high accuracy, wide frequency range and insensitive to
the electric and magnetic fields by using the fiber-optic technology . A high reflectivity mirror is needed to stick to target
with the face perpendicular to the optical probe. The sensor probe was placed at a three dimensional movable micropositioner
(Ealing Electro-optic, Inc.). Function gererator is DS-345 (Stanford Research System. Inc.), which generates the required
signal shape and basic magnitude. Then a power amplifier (790 Series, PCB piezotronics) was used to amplify the driving

Lock-in Amplifier

Functon Generator

1 l Probe 2 q Fotonic Sensor

Power’ = s W
Amplifier Probe 1

]

I = ! |

]

Fig. 4 Schematic diagram for displacement measurement

signal. A lock-in amplifier SR-830 DSP (Standford Research System Inc.) was used to measure signal output from Fotonic
Sensor. The reference frequency is synchronlized to the function generator. Sound pressure level was measured in an




anechoic room at far field (I m) by a ND 21 Sound Level Meter(Rion Company. Japan). Fig. 4. shows the schematic
diagram for displacement measurement. Fig. 5 shows the schematic view for the sound pressure level measurment.

r—_—
w—

Sound Level Meter

Anechoic i -
Room | l—l‘ ﬁ v

Fig. 5 Schematic view for the sound pressure level measurement
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3. EXPERIMENTAL RESULTS OF PROTOTYPE DEVICE

3.1 Proprties of unloaded PSU actuator

Each PSU actuator consists of 40 piezoelectric ceramic plates with a dimension as 38 mm x 50 mm x 23.6 mm. Two
actuators have a total capacitance of 4.59 uF. Dielectric loss is 3.8 % (measured at 1000 Hz). Displacements of top laver at
quasistatic and dynamic conditions are given in Fig. 6.

3.2 Quasistatic and dynamic properties of diaphragm loaded device

Carbon Fiber Reinforced Composite diaphragm with a dimension: width: 126 mm, length:152” mm, height: 6 mm is for the
finished device. Vibration behaviours of diaphragm at quasistatic and as a function of frequency were obtained and shown in
Fig. 7.
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Fig. 6 Quasistatic (a) and dynamic (b) properties of unloaded 40 layers PSU actuator
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Fig. 7 Quasistatic (a) and dynamic (b) properties of diaphragm loaded device

In order to investigate the relatonship between the diaphragm height, different diaphragm materiai and the resonant
behaviour of the device. We measured the dynamic properties of the device with the diaphragm height 6 mm 10mm. We also
measured the the dynamic properties of loudspeaker paper diaphragm with a height 8 mm. The results are given in Fig.8.
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Fig. 8 Comparison of dynamic behaviour for different diaphragm height and different diaphragm material

3.3 Sound pressure level at low frequency range




Sound pressure level were measured at the driving electric field 0.24 kV/cm ( 12 V voltage) on the final product ( height 6
mm, carbon fiber reinforced composite). Fig. 9 gives the measured result and calculated sound pressure leve! at the 1kV/cm
driving electric field.
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Fig. 9 Sound pressure level for 6 mm height carbon fiber diaphragm device
4, DISCUSSIONS AND SUMMARY

4.1 Comparison of PSU actuator with other types of actuator

In bimorph and unimorph driving air transducer, the actuator wall has the same length with the diaphragm. even though the
width of the diaphragm for a cell is only 50 mm, the amplificaton factor is about 7. In PSU actuator driving air transducer, the
length of driving wall is only one third of the diaphragm length. The width of the diaphragm can be 126 mm and
amplification factor can be more than 11. This fact demonstrates the PSU actuator has bigger generative force than the
bimorph and unimorph. The value of blocking force for the PSU actuator was investigated and will be reported in another
paper. We can still increase the blocking force by modifying PSU actuator structure. It is possible to design the monolithic
structure PSU actuator whose blocking force would be much big than the current one. There are several ways to increase the
displacement of PSU actator: increasing the layers, decreasing the layer thickness in a limited volume. increasing the
driving voltage. We can tailor it in a easy way according to different requirement.

Bendirg actuator such as bimorph and unimorph can reach big displacement, but the blocking force is small. response is
slow an« the durability is poor because of delamination. In contrast to the bending actuator, the multilayer actuator possesses
-the advantages of low driving voltage (100 V), quick response (10 m sec), high generative force (100 kgf) and high
electromechanical coupling, but the displacement is only in the range of 10 um.7 For a long time, scientists were searching
for a new type actuator with the properties located in intermediate range between bending and multilayer actuator. A lot of
efforts have been done to improve the properties of the piezoelectric bending actuator. Several novel bending actuator . like
RAINBOW, CERAMBOW , CRESCENT, dj; bimorph and THUNDER came out. Kugel has defined the figure of merit for
bending actuator, which is equal to the displacement times the blocking force and divided by the admittance. From his




comparative analysis. there are some improvement in properties through these effort. but no break through happened. The
gap between the the multilayer actuator and the bending actuautor is still existing. *°

The appearance of “Moonie™ and “Cymbal™ were a great progress of the effort. intermediate properties can be provided by
such metal and ceramic composite structure. '®!! The invention of PSU actuator provides another kind of actuator offering the
versatile intermediate properties. the displacement of which can reach to 100 um very easily and The blocking force of the
pseudo-shear structure is at least several times than that of bending actuator. Another advantage for PSU actuator is without
the bonding problem between metal and ceramic. The different thermal expansion coefficient between the metal and ceramic
in bonding will give rise to very large internal stress , even close the fracture strength of the ceramic. In PSU actuator, we can
even design monolithic structure to eliminate the bonding part.

4.2. Sound pressure level in low frequency

According to the theory of acoustics, For the direct-radiator diaphragm at the low frequency (low frequencies is when
ka<1.0, where k=@/c is the wave number, & is the diaphragm dimension), a piston whose diameter is less than one-third
wavelength (ka<1.0) is essential nondirectional at low frequency. Hence, we can approximate it by a hemisphere whose rms
volume velocity equals U.=Spu., where Sp, is the projected area of the loudspeaker cone, u, is the diaphragm surface velocity.
The sound pressure level Pr in free space with a distance I from either side of loudspeaker diaphragm can be expressed in the
following equation:"

P =y e

Where py is the average density of the medium, f is the frequency.

From the equation, We can see the sound pressure level is proportional to the vibration displacement, to the projected area
and to the square of frequency. So if we want to keep the sound pressure level as the same magnitude when the frequency
decreases from 200 Hz to 100 Hz, we need four times displacement magnitude or we have to increase the projected area 4
times. So it is important 1o have large displacement and large vibration area to keep high sound pressure in of low frequency.

Sound is produced by vibrating surface such as the diaphragm. In addition to the energy required to move the vibrating

surface itself, energy is radiated into the air by the diaphragm. Part of this radiated energy is useful and represents the power
output of the acoustic source. The remainder is stored (reactive) energy that is returned to the generator. Consequently, the
acoustic impedance has a real part, Accounting for the radiated power, and an imaginary part, accounting for the reactive
power. We need the ka larger than some value for example, 0.5, the real part of the impedance can have enough value to
radiate the sound power.” So increasing the radiation area is very important for increasing the volume velocity and
improving the impedance matching.

“The resonant frequency of 6 mm height diaphragm is 55 Hz for first mode and the 140 Hz for second mode. Those two
resonant peaks provide high displacement in the operating frequency range (Fig. 8).

So we can conclude that three factors are mainly attributed to the high and stable sound pressure level in low frequency for
the current device: the first is the large displacement, the second is the large vibration area and the third is the resonant
behaviour during this frequency range.

Further experiment will be emphasized on the following respects:

Understanding the resonant behaviour is very important for the device design. The resonant frequency decrease with the
decreasing of diaphragm height for the same diaphragm materials. Although the material properties are very different
between the Carbon Fiber Reinforced Composite and loudspeaker paper, the resonant behaviours are almost similar in our
investigation (Fig.8). There is further work under way to get more understanding of the resonant mechanism.




_ In the prototype device. the polarization direction of the ceramic plate is vertical to the diaphragm face. which limits the
way of increasing the displacement by adding layer number since we do not want the device being too thick. With a small
modification, we can make the polarization of the ceramic piece parallel to the diaphragm face. it will dramatically reduce the
total thickness of the device and more room can be used to increase the displacement by increasing the layer number. It is
highly possible to reduce the total thickness of the device to the thickness 10-15 mm. which is much useful for application
where only a limited space of locating secondary acoustic source is available..

In summary The acoustic source presented in this paper can produce high and stable sound pressure level in the frequency
range 100-250 Hz. The integrated composite of PSU actuator and flextensional diaphragm is a useful way to get high and
stable sound pressure level in low frequency because large displacement and large radiation area can be obtained by PSU
actuator driving. This kind of acoustic souce also offers the advantages of panel structure and thin dimension which make it
very attractive in the application of ultra low frequency Active Noise Control.
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Abstract

A numerical study comparing the use of two structural sensing approaches for
sound radiation control is performed on a baffled réqtangular plate. The first
sensing approach implements an array of accelerometers whose outputs are filtered
to construct an estimate of the sound pressure radiated at given angles in the far
- field. The second method uses the same array of point sensors to estimate the net
volume acceleration of the plate. Results show the improved performances of the

sensor observing far-field sound radiation over a volume acceleration based sensor.

PACS Numbers: 43.40.At, 43.40.Rj, 43.60.Gk
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introduction

An important issue in the active control of structurally radiated noise remains
the design and implementation of error sensors. The early works on Active Struc-
tural Acoustic Control (ASAC) [1] were concentrated on the design of structural
actuators [2] while the error signals to minimizé were provided by microphones
located in the far field. For the last couple of years, the research in ASAC has
made some progress in replacing error microphones by error sensors integrated
in the structure [3]. Unlike microphones which directly measure the quantity to
be minimized, i.e., acoustic pressure, structural sensors only measure information
related to the structural vibrations. The goal is then to design a structural sensor
whose output is strongly related to radiated sound pressure so that minimizing
the magnitude of the sensor output signal will also minimize the total radiated
sound power. In other words, an efficient structural sensing technique should take
into consideration the structure-fluid interaction such that only the radiating part
of the structural vibrations is observed by the sensor. Indeed, minimizing both
radiating and non-radiating components of the vibrations typically requires more
control effort.

Spatially distributed structural sensors such as polyvinylidene fluoride (PVDF)
materials have shown potential for observing the radiating part of the structural
vibrations. In modal sensing, the PVDF film is designed to observe the dominant
radiating modes among those found in the structural response [4-6]. The concept
of “radiation modes” has also been used in designing error sensors [7,8]. In par-
ticular, several authors have demonstrated the use of PVDF sensors designed to
observe the first and dominant radiating of the radiation modes of a rectangular
plate, i.e., the piston mode [8-11]. This mode can be detected by measuring the

net volume displacement over the surface of the structure and specially designed
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.

PVDF sensors have been constructed for this task (8-11].

Recently, a sensing technique referred to as Discrete Structural Acoustic Sens-
‘ing (DSAS) was demonstrated both analytically and experimentally on baffled
planar radiators [12-14]. The technique implements an array of structural point
sensors (usually accelerometers) whose outputs are passed through digital filters
to estimate in real time the far-field radiated pressure in a given direction, or
equivalently, a given wave-number component, over a broad frequency range. The
digital filters are usually Finite Impulse Response (FIR) filters designed to model
the appropriate Green’s function associated with each point sensor and far-field
locations. It was shown that only a low number of point sensors is needed to pro-
vide accurate sound radiation estimates over a bandwidth encompassing the first
few modes of a rectangular plate. Moreover, the sensor’s output can be shifted in
time such that the acoustic path del-ay present in the Green’s functions is removed.
This allows the use of only a few coefficients in the sensor FIR filter array and |
makes its implementation on a Digital Signal Processor (DSP) very efficient in
terms of computational load. . 4

A simplified version of the above approach that has been suggested consists in
replacing the radiation Green’s functions by a unity transfer function. The sensor
output then simply becomes the sum of the acceleration signals. The resulting
error information thus represents an estimate of the net volume acceleration of
thé structure. It is therefore somewhat equivalent to the PVDF volume velocity
sensor referred above except it is implemented in discrete form. This alternative
sensing approach will be referred to as Discrete Structural Volume Acceleration
Sensing (DSVAS). For planar radiators, this error information is also equivalent
to measuring the far-field pressure in the direction normal to the plane of the
radiator [15]. .

This letter presents a short numerical study comparing the performance of
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the two sensing appfo’aches introduced above, i.e., DSAS and DSVAS methods, in
Active Structural Acoustic Control (ASAC) applied to a rectangular baffled plate.
The plate is excited by a normal point force over a bandwidth encompassing its
first 9 flexural modes. The control is achieved through two single-sided piezo-
electric patches. The systém modeling is briefly described in the first two sections
along with its physical characteristics. The third section then presents the control
performance in terms of mean-square velocity and radiated power attenuation

obtained for various sensing configurations.

I. System modeling

The numerical model describing the structural responsev of the plate excited by
point forces and piezo-electric patches is briefly presented. In this model, the me-
chanical displacements and electrical fields generated in the piezo-electric inclu-
sions are fully coupled. In order to solve for:the dynamics of this coupled electro-
mechanical system, a Rayleigh-Ritz formulation is derived based on the general-’
ized form of Hamilton’s principle for coupled electro-mechanical systems [16]. This
energy-based method also allows to easily model arbitrary boundary conditions
applied along the edges of the plate. The plate mid-plane displacements along
the two longitudinal and transverse directions are approximated by polynomial |
series where the unknown polynomial amplitudes are solution of a linear system.
After solving this system at each frequency of interest, various structural quanti-
ties, such as mean-square velocity, or point acceleration, can be computed. For a
complete derivation of this approach applied to rectangular plates, the reader is
referred to the work of Berry [17].

The far-field sound pressure radiated from the plate is obtained from the dis-
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placement amplitudes by computing the continuous wave-number transform of
the acceleration distribution over the frequency bandwidth. The radiated power
is estimated from the radiation impedance matrix associated with the polynomial
basis used to approximate the structural response. This approach is more efficient
than simply integrating the far-field pressure over the hemisphere surrounding the
plate. More details can be found in [18].

The output from the discrete structural acoustic sensor is computed from the
structural acceleration evaluated at> nine point sensor locations on the plate and
multiplied by the appropriate sensor transfer functions as described in [14]. Note
that the sensor transfer functions used in this numerical study correspond to the
ideal case of perfect filter modeling. It was shown in previous work however that
these transfer functions are easily modeled to a high level of accuracy with only a
few coefficients per FIR filter [12].

The controlled structural response is obtained by adding to the uncontrolled
response due to the point force excitation, the control field response due to ther
two one-sided piezo-electric patches. The optimal control voltage to each PZT
is computed using standard Linear Quadratic Optimal Control theory (see for
example [19]), where the cost function to be minimized is a quadratic function
of the control voltage amplitudes. It should be noted that this frequency domain
optimal controller does not take into account the causality constraint inherent
to a real time implementation on a DSP. In other words, the optimal controller
transfer functions in the frequency domain might be acausal and therefore cannot
be accurately reproduced by a digital filter. This results in overestimating the
attenuation achieved by the controller however it does represent the maximum
achievable attenuation if the system is causal. .Also,v the limitation due to the
finite dynamic range of the analog to digital converters is not included in this

model.
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As mentioned above, the plate is excited by a point force while two PZT
patches are implemented to achieve control. Preliminary tests showed that a
single piezo-electric actuator was not sufficient to achieve global sound radiation
attenuation over the entire frequency bandwidth. The sensor based on unit trans-
fer functions, i.e., estimating the structural net volume acceleration, provides one
single error signal. To facilitate the comparison with the sensor based on far-field
pressure estimates, only one far-field direction is considered. This control layout,
i.e., two control outputs and one error input, results in an under-determined sys-
tem which is solved by including in the cost function the weighted control effort
(sum of the square modulus of each control voltage) as an additional quantity
to minimize, eﬂ'eétively constraining the solution. This second variable is scaled
down (by varying its weighting) so that the main forces of the control are directing

towards minimizing the error information rather than the control voltages.

Il. System characteristics

The system studied here is a model based on the plate tested experimentally in
a previous paper [14]. The translation and rotation stiffness factors along each
side of the plate were numerically adjusted in an effort to match the experimental
natural frequencies. The resulting modeled boundary conditions were close to the
simply-supported case. The plate geometry is shown in Figure 1 along with the
location of the normal point force disturbance, the two PZT control inputs, and
the nine accelerometefs implemented in the discrete structural acoustic sensor.
The physical parameters and dimensions for the plate and piezo-electric patches
are shown in Table 1.  The point force and PZT center locations are presented

in Table 2. ' The control actuator locations in Table 2 were optimally chosen for
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minimizing the (3,1) and (1,3) flexural modes, while the disturbance force location
ensures all nine modes present in the bandwidth of interest are excited. Finally,
the model’s natural frequencies are shown in Table 3.

The structure’s response is computed over the frequency bandwidth, 50 to
650 Hz, with a one Hertz increment. Note that due to the small level of damping
included in the system (see Table 1), the peak levels of the response at those
frequencies is likely to be significantly below the actual resonance level reached at

the resonance frequency.

l1l. Control performances

* Figure 2 shows the sound radiated power plotted versus frequency for the uncon-
trolled plate (solid line) and the céntrolled plate using the two sensing approaches
described earlier. The dashed line corresponds to the DSAS approach (pressure
estimate based sensor) and the dotted line to the DSVAS approach (net volume
acceleration based sensor). The direction of minimization for the DSAS approach
was set to (8 = 36°, ¢ = 30°). This direction was chosen so that it does not coin-
cide with any of the nodal lines of the radiation directivity of the modes present
in the bandwidth. In other words, the sensor based on far-field pressure estimate

.observes the radiation of all the flexural modes of the plate.

The first sensing approach of DSAS achieved good control over the entire
bandwidth with very small amount of spillover. The largest level of attenuation
is obtained for mode (1,1) around 86 Hz. Very good attenua.tidn is also seen for
the other modes present in the frequency bandwidth except for the resonance at
333 Hz corresponding to the (2,2) mode of the plate. Around this frequency,
.the cohtrol system only reduces the radiated power level by about 10 dB. Look-
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ing at the pressure spatial directivity of the uncontrolled and controlled plate at
this frequency reveals that the pressure distribution is slightly shifted along the
¢ direction so that the (2,2) mode radiation nodal lines go through the direc-
tion of minimization (6 = 36°,¢ = 30°). In other words, the amplitude of this
mode is not reduced. Indeed, the structural velocity distribution at this frequency
shows hardly any changes between Athe uncontrolled and controlled responses. This
phenomenon is commonly referred to as modal réstructuring. This is a direct con-
sequence of minimizing the sound pressure field in a single direction. To obtain a
larger level of sound power reduction, additional far-field pressure error estimates
in other directions could be included in the control system. Or alternatively, a
single error signal directly related to the radiated power would also provide better
overall sound attenuation.

This second solution mot.ivates the use of a sensor based on net structural
volume acceleration. The resulting error information directly relates to the volu-
metric modes of the radiators, i.e., the odd-odd modes for a plate. These modes
are the most efficient radiators, and the sensor output is therefore diréctly related
to sound radiated power. This approach corresponds to the dotted line where the
sensor output is the sum of the nine acceleration signals (unit transfer function).
As seen in Figure 2, this second sensing approach performs well near the resonance
frequencies of the odd-odd modes of the’plate. On the other hand, the radiated
power around the resonances of odd-even or even-even modes is not significantly
reduced. The global radiation level of the (2,1) mode, for example, even increases
after control. By definition, the net volume acceleration based sensor does not
observe any of the odd-even or even-even modes of the plate. Therefore the sys-
tem is unable to effectively control these modes. However, they still contribute to
the total radiated power, despite their lower radiation efficiency compared to the

odd-odd modes. In fact for some frequencies they can radiate more power than
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volumetric modes (3].

Another interesting feature of the control performance of the volume acceler-
ation based sensor is the large control spillover occurring around 290 Hz. In this
frequency range, the controlled structural response exhibits a velocity distribution
which perfectly cancels the summation of the nine acceleration amplitudes. How-
ever, this velocity distribution radiates significantly in the far field which explains
the control spillover. On examining the radiated power level at the resonance fre-
quency of mode (4,1), the dotted line shows significant reduction even though the
symmetry of the velocity distribution associated with the (4,1) mode should can-
cel the sensor output. This phenomenon is explained by the presence of the two
PZT patches in the model resulting in slightly asymmetric modes. These slight
differences in magnitude and phase of the acceleration amplitudes measured at the
nine location shown in Figure 1 result in a non-zero error signal amplitude. Note
that these differences are averaged out when using a higher level of discretization.
To illustrate this point, another simulation was performed where the sensor uses
a 20 by 20 grid of acceleration point measurements to estimate the net volume
acceleration. This level of discretization ensures almost perfect estimate of the
net volume acceleration in the frequency bandwidth of interest. Figure 3 shows
the radiated power before (solid line) and after control using the previous 3 by 3
sensor (dashed line) and the 20 by 20 sensor (dotted line). The 20 by 20 sensor
yields a much more accurate estimate of the net volume displacement. This is
apparent around 558 Hz where the (4,1) mode is not observed by the sensor and
results in no radiated power attenuation. Also, the system’s behavior noticed in
the case of the 3 by 3 sensor around 290 Hz no longér appears with the 20 by 20
sensor. In conclusions, even though the 3 by 3 sensor might yield larger global
attenuation in some cases such as at a frequency around 558 Hz, a higher level of

discretization ensures a better estimate of the net volume acceleration and thus
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enable the controller to observe all volumetric velocity distribution. Note that a
PVDF continuous sensor designed to observe the same information is therefore
likely to perform better compared to a 3 by 3 sensor. However, several authors
have shown the difficulties of designing such a sensor with the required accuracy,
especially for two-dimensional radiators [9,11].

To summarize the above results, the reduction levels for the total mean-square
velocity and sound radiated power computed over the frequencies of interest are
shown in Table 4. The first line corresponds to an additional simulation case
where the far-field pressure error estimate (sensor output) is replaced by the ac-
tual far-field pressure evaluated in the same direction. Note that this configuration
nearly yields the same level of reductions as the pressure estimate structural sensor
(DSAS). This demonstrates the ability of the sensor to replace far-field measure-
ments as it was shown in previous w-ork. On the other hand, the sensors based on
the net volume acceleration (DSVAS) yield small level of overall reduction (10 dB
for the 3 by 3 sensor and 8 dB for the 20 by 20 sensor) when compared to the
performance of the DSAS sensor. The higher levels of attenuation achieved by the
3 by 3 sensor is consistent with the curves of Figure 3 discussed earlier. Despite
strong attenuation levels at the resonance frequencies of the odd-odd modes, the
overall reduction level remains small due to the remaining peaks in the controlled

response of the odd-even and even-even modes.

IV. Conclusions

The Discrete Structural Volume Acceleration Sensing (DSVAS) approach, i.e.,
based on unit transfer functions, performs well in the low frequency range below

the resonance of the first non-volumetric mode of the plate. Due to its simplicity,
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it is the recommended method in this frequency range. At higher frequencies, the
Discrete Structural Acoustic Sensing (DSAS) approach, i.e., based on radiation
transfer functions, provides much increased performance due to the fact that it
observes radiation from all modes. Thus near and above the resonance frequency

of the first non-volumetric mode, DSAS is the recommended sensing approach for

ASAC.
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Table 1: Plate and PZT’s dimensions and material properties

Parameter Plate |, PZT

length in z axis (mm) 380 38

length in y axis (mm) 298 32
thickness, h {mm) 1.93 0.1905
Young’s modulus (N/m?) | 2.04 x 10! | 6.1 x 10*°
Poisson ratio 0.28 0.33

mass density (kg/m>) 7700 7750
hysteretic damping factor | 0.0005 0

da; constant (m/V)  |-------- 171 x'10~*
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Table 2: Transducer location

transducer type center coordinate, z/L; | center coordinate, y/L,
disturbance point force ’ -0.60526 -0.56376
control PZT 1 0.41579 -0.45302
control PZT 2 : 0.41579 . 0.38926
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Table 3: Plate natural frequencies

Mode (m,n) | Natural frequency (Hz)
1) 86.0
(2.1) 181.2
(1.2) 241.4
(2.9) 332.7
(3,1) 339.1 i
(3,2) 484.6
(1,3) 4945
(4.1) 557.7
(2,3) 580.7
(4.2) 695.5
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Table 4: Total mean-square velocity and radiated power attenuation

Attenuation (dB)

Mean-square velocity

Radiated power

Error mic. 17.7 23.8
DSAS 17.1 23.8
DSVAS (3 by 3) 5.5 10.1
DSVAS (20 by 20) 3.9 8.2
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Advanced time domain wave-number sensing for struc:ural
acoustic systems. Part III. Experiments on active broadband
radiation control of a simply supported plate
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The present work gives further developments and experimental testing of a new time domain

structural sensing technique for predicting wave-number information and acoustic radiation from
vibrating structures. Most structure-borne active s. 1nd control approaches now tend to eliminate the
use of microphones located in the far field by developing sensors directly mounted on the structure.
In order to reduce the control authority and complexity required to minimize sound radiation. these
sensors should be designed to provide error information that is solely related to the radiating part of
the structural vibrations, e.g., the supersonic wave-number components in the case of planar
radiators. The approach discussed in this paper is based on estimating supersonic wave-number
components coupled to acoustic radiation in prescribed directions. The spatial wave-number
transform is performed in real time using a set of point structural sensors with an array of filters and
associated signal processing. The use of the sensing approach is experimentally demonstrated in the
time domain LMS active control of broadband sound radiated from a vibrating plate. Comparisons
of the control performances obtained with the wave-number sensor and error microphones in the far
field show that only a few poini sensors are required to provide accurate radiation information over
a broad frequency range. The approach demonstrates good broadband global control of sound

radiation. © 1995 Acoustical Society of America.
PACS numbers: 43.40.Dx, 43.40.Vn

INTRODUCTION

Over the past few years, much research has been con-
ducted in the area of active control applied to structure-borne
sound. In active structural acoustic control (ASAC), the
minimization of sound radiation is achieved by applying os-
cillating force inputs directly to the swructure rather than by
exciting the acoustic medium with loudspeakers (active noise
control). The technique can often produce global far-field
attenuations with relatively few actuators as compared to ac-
tive noise control. In early studies, Fuller has shown both
theoretically' and experimentally” the use of point forces as
control actuators. More recent works have demonstrated the
potential of multiple piezoelectric actuators to replace shak-
ers and realize a more compact or *“smart” structure.?

One of the primary concemns in active control of sound
is choosing the appropriate sensor in order to provide the
control system with “error” information. Error microphones
located in the far field have yielded good results, since the
quantity to minimize, i.e., acoustic power radiated from the
structure, is directly related to the far-field pressure. How-
ever, the microphone solution is often impractical in real
applications and, in an attempt to make the system more
compact, the current research tends to develop radiation sen-
sors that are mouated on the structure. One possible ap-
proach is to design structural error sensors in order to mini-
mize the vibration: over the entire radiating surface (active
vibration control). Such an approach would obviously yield
sound attenuation. However it will require, in many cases, a
great number of control inputs. A more practical sensing

technique should take into consideration the structure/fluid
interaction so that only the radiating part of the structural
vibrations is observed by the sensor. The principai advantage
of this approach is that it allows ““modal restructuring” in the

control mechanism;' in some cases, the residual response is

not attenuated but rather the structure is forced to behave like
an inefficient radiator. As a result, the control authority and
number of channels required to achieve sound attenuation is
reduced. Clark and Fuller have discussed the use of polyvi-
nylidene fluoride (PVDF) thin film modal sensors in sound
radiation control for rectangular radiators below the critical
frequency.’ With appropriate shapes and locations, PVDF
sensors observe only those structural modes that efficiently
radiate to the far field.

For planar radiators, the radiating part of the structural
vibrations corresponds to the supersonic region of the wave-
number spectrum where the structural wave number is
smaller than the acoustic wave number in the surrounding
medium. Therefore. a possible approach is to build a wave-
number sensor that selects and estimates those supersonic
wave-number components. Fuller and Burdisso. previously
showed the potential of a wave-number domain controller®
based on this type of error information. For implementation
with broadband control algorithms, the wave-number esti-
mate must be performed in the time domain. Following these
ideas, Maillard and Fuller introduced a new sensing tech-
nique that predicts, in the time domain, supersonic wave-
number components coupled to acoustic radiation in pre-

* scribed directions.”® In the approach of Maillard and Fuller,
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the wave-number transform of the structural acceleration dis-
tribution is performed in real time using point sensors with
an array of finite impulse response (FIR) filters and associ-
ated signal processing. The resulting error signal can be di-
rectly used as the error information in time domain control
algonithms. The present work gives further development and
experimental testing of the method. In particular, this paper
experimentally demonstrates the use of such an approach in
the active control of sound radiation.

After recalling the theoretical basis of wave-number
sensing applied to acoustic radiation previously discussed in
Refs. 7 and 8, the sensor is briefly described for practical
implementation. Experimental results from wave-number
sensing of a simply supported plate are first discussed. The
sensor output is compared to the actual wave-number com-
ponent of the plate in order to evaluate the prediction accu-
racy. The radiation from the simply supported plate is then
controlled using a three-channel feedforward control ap-
proach. The system is excited by a bandlimited white noise
including the first five bending modes of the plate. Wave-

number sensing is compared to the use of error microphones.

Results show the ability of the technique to replace far-field
acoustic measurements and provide accurate error informa-
tion over a broadband frequency range. Its use in active
structural acoustic control is successfully demonstrated.

I. THEORY

This section briefly reviews the theoretical concepts as-
sociated with the proposed sensing technique. For more de-
tails, the reader is referred to the two previous companion
papers.’3
A. Far-field pressure and structural wave-number
component

Figure 1 shows a two-dimensional planar structure of
length L and width L, with out-of-plane displacement along
the z axis, w(x.y,1)= W(x y)e’“. Time harmonic excitation
is assumed here. The following results are easily extended to
broadband excitations by means of Fourier transforms. The
structure is mounted in an infinite baffle, i.e., W(x,y)=0 for
|x|>L,/2 and |y|>L /2. The symbol w represents the angu-
lar frequency and ¢ is the continuous time. The acceleration
field is given by w(x,y,r)=— w?W(x,y)e/*, where w rep-
resents the second time derivative of w. The pressure radi-
ated by the structure, p(x,y,2.t)=P(x,y,z)e’*, must satisfy
the three-dimensional Helmoltz equation,

32 az 2

9
-r-ﬁ-»-k0 P(x,y.2)=0. (1)

It )
along with the boundary condition that defines the interac-
tion between the structure and fluid,

. apP
pW(x,y)=~ 5 (x,y,2) at z=0, (2)
where ko= w/c denotes the acoustic wave number and ¢ is
the speed of sound in the surrounding medium. The quantity
W(x,y) represents the complex amplitude of the out-of-
plane acceleration distribution, i.e., W(x, y)=—w?W(x, y).
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Defining the two-dimensional wave-number ransform of the
spatial distribution f(x,y) as

Flks ky) = f f a flr.y)eltetesst dx dy., 3
Egs. (1)

and (2) become, respectively, in the Wave-numbey
domain,

02 - .
( ki-k2-k2+ E;)P(k,.ky.:)=0,

= 3P :
pW(k;,k,)=——z— (ky.ky,2) at z=0. OB :
Note that the sign of the forward transform in Eq. (3) i,'i
appropriately chosen to obey the Sommerfeld radiation cop.
dition. The above second-order homogeneous differential
equation is solved for P(k, ky.2) as

= jpW(k, k)
P(kx'k)"z)— (koi_kxi_kyi)uz » :

. ¥
NG N OF
The term exp(+ j(k%—kf—kﬁ)” %7] that represents waves k.
going toward the structure is omitted since the acoustic me. 3
dium is boundless. The single constant that remains in the ¥
solution is then found using the transformed boundary con- g
dition in Eq. (5). From Eq. (6), the transformed pressure field ¥.
is seen to decrease exponentially as waves travel away from &
the structure for values of k, and k, such that 2+ k1>,
i.e., in the subsonic wave-number region. The structure radi- §
ates in the far field only when k2+k2<k3, i.e., in the super-
sonic wave-number region. Now, the pressure field is ex- ¥
pressed in the spatial domain by applying the inverse wave- 4
number transform: i

X exp[ = j(kg = ki~

P(x.y.2)= ——z f j Plke k, 2)eite

Xe ity dk, dk, . 7 &

Junger and Feit’ showed that the above integral can be evalu-

ated in the far field using the stationary phase approximaton.
Using spherical coordinates, x=r sin cos &, ¥
y=rsin @sin ¢, and z=r cos §, the points of stationary §
phase are found 10 be

k.=ko sin fcos ¢ and £,=kq sin 6 sin . ® 2

The pressure field at a particular spherical coordinate now $
becomes a function of the acceleration wave-number trans- §

form evaluated at (kx ,k ):
~Jjkor
p(rb.¢.1)= ar

X W(kq sin @ cos @.kq sin 6 sin &)e’* 2

The main significance of the above expression can be stated
as follow: For a baffled planar structure, the far-field radi#
tion in a given direction is solely a function of the wav
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(3)

imber

)

Pumber component evaluated at the stationary-phase wave
humbers. This resuit motivates the design of a structural
wave-number sensor.

MR A time domain esdmate of the structural out-of-plane
3 scceieration wave-number component coupled to acoustic
E radiation in direction (6,¢) can be constructed by discretizing
g the spatial structural response over a grid of N, by ¥, mea-
@ surement points equally spaced along the x and y axis. The
& continuous representation of the acceleration wave-number
=3 transform is approximated by a finite summation defined as

Ne o N,
Wolkedky )=8x Ay X 3 Wo(x yn 1)
: A=l n,=| -

X exp(jkx, )exp(jkyyn ), (10)

** where Ax=L,/N, and A\y=L,/N,. Writing the stationary-
.» phase wave numbers, k. and k,, in terms of frequency (Eq.
(8)], the discrete wave-number transform in Eq. (10) can be
" rewritten in terms of the frequency w and radiation angles

“v,
s,

AT o
A

N, Ny
Wa(w.0,8.)=Ax8y D 2 W(%n Vast)

Re=1n,=1

X exp(jwt, , ). (1)

where the time delay,r,,‘,,v is given by

f,,x,,’=(x,,x sin 4 cos cxH-y,,y sin 4 sin @)/c. (12)

& In the above expression, W(x,,x,y;,v.t) represents the time
3 domain acceleration measured at location (Xn, y,,’) while the
¥ exponential term is a constant magnitude and linear phase
& transer function. In order to obtain causal transfer functions,
& ic., transfer functions having a negative phase shift at all
@k fequencies of interest, a constant time delay Ar
b= max{r, ) is subtracted from Tan i L€, the time delay in
g Eq. (11) becomes

R =T, -
ﬂxﬂy H‘R‘v AT’

n,=12..N,, n,=12,..N,.

(13)

The modified transfer functions can now be modeled by fi-
Lite impulse response filters. Note that the discrete wave-

-tumber component becomes w4(k,,r — A7). It has been
shown previously that this delayed error signal yields the

same control performances as w4(k,,t).

It should be noted that the discrete transform of Eq. (10)
3 dllows evaluation of w(k, .k, .t) at any value of (k,,k,) and
 thus radiarion at any particular angle. The more conventional
@k discrete Fourier transform'? is usually defined only for a dis-
@ Crete set of values, nAk, and nAk,, where Ak, and Ak,
# Tpresent the spatial frequency resolution along the x and y
- &es. This definition makes possible the use of fast Fourier
¢ Mansform algorithms in the off-line evaluation of the wave-
Qumber transform.!! However, the FFT approach cannot be
~ 3Pplied to real time wave-number sensing.

FIG. 1. Plate geomerry and control arrangement.

Il. EXPERIMENTAL SETUP

An experimental investigation of the sensing technique
and ASAC implementation was performed on a simply sup-
ported plate mounted in a rigid baffle inside an anechoic
chamber with a cutoff frequency of 250 Hz. The plate is
made of plain carbon steel and has dimensions 380Xx298
%X 1.93 mm. The arrangement is shown schematically in Fig.
1. Thin, flexible metal shims connect the edges of the plate to
a heavy support stand to provide the simply supported
boundary conditions. Table I gives the experimentally mea-
sured resonance frequencies of the first ten bending modes of
the plate. .

To validate the sensing method, a first set of tests was
conducted to compare the wave-number components pre-
dicted by the sensing technique with the actual wave-number
components of the plate over a broadband frequency range.
The disturbance signal is a bandlimited random noise from 0
to 630 Hz which is generated by a Briiel & Kjar 2032 spec-
trum analyzer and a Frequency Device 9002 low-pass filter
with cutoff frequency 630 Hz. This signal is amplified and
fed to a point force shaker actuator. The shaker location is
given in Table IL

The predicted wave-number component is constructed

TABLE . Measured plate resonant frequencies.

Mode (m.n) Measured frequency (Hz)
(LY %7
2,1) 183
(1.2) W4
(2.2) : 330
(3.1) 343
(3.2) ‘ 474
(1.3 491
4.1 556
2.3) 571
4.2) 657
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TABLE 0. Transducer locations.

Transducer type x coordinate (mm) y coordinate (mm)

disturbance (shaker) -t15 -84
conrol 1 (pzt) . e -67.5
conwol 2 (pzr) 79 58
control 3 (pzt) =135 -6

according to the discrete formulation in Eq: (11). Figures 1
and 2 present the configuration of the wave-number sensor.
Nine accelerometers are mounted on the structure to provide
the structural information, i.e. ¥,=N,=3. Referring to Fig.
2, the acceleration signals are sampled and passed through
digital filters whose impulse responses model the transfer
functions exp(/'wv",,x,,y) as described in Refs. 7 and 8. The

sum of the filtered signals gives the time domain estimate of
the wave-number component. The wave-number sensor uses
three mini B&K accelerometers and six BBN 501 acceler-
ometers. Six in-house developed charge amplifiers and three
B&K charge amplifiers type 2635 are used to condition the
accelerometer output signals. The signal processing part of
the sensing technique is implemented on a TMS320C30 digi-
tal signal processor (DSP) board installed into a host 80486-
based personal computer. A C code has been previously writ-
ten to process up to 12 input signals and generate three
output signais corresponding, respectively, to 12 structural
measurements points and three wave-number components. [n
the following tests, the three outputs are used. thus allowing
to test the sensor accuracy in thret different directions simul-
taneously. The three estimated wave-number components

~were chosen to be coupled to far-field radiation at angles

6=-36°, §=0° and 6=36° in the x —z plane (¢=0°). These
three angles were found to adequately sample the pressure
field in the radiation midplane. The filter impulse responses
associated with each point sensor are computed analytically
as described in Ref. 8. The sampling frequency was set to
2000 Hz and each filter had three coefficients to model the
transfer functions. In order to compensate for the slight mag-
nitude and phase differences between the dynamic response
of each accelerometer and charge amplifier path, each “sens-
ing” discrete impulse response is convolved with a “calibra-
tion” impulse response. The calibration impulse response is
implemented by a FIR filter designed to model the magni-
tude and phase differences relative to a reference path. To
this purpose, the accelerometers are initially mounted on a

wavenumber
component
estimate

acceleration signals

F1G. 2. Wave-number sensor block diagram.
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piston shaker providing constant acceleration over its sur-
face. With the shaker being exciting over the frequency range
of interest, i.e., 0~-630 Hz, the outputs of the charge ampii-
fiers are fed to the DSP board and an on-line system identi-
fication code using the LMS algorithm is implemented to
update the FIR filter coefficients. Five coefficients were used
for the calibration impulse response. Thus the resulting tilters
had seven coefficients.

The actual wave-number component of the plate is com-
puted using the plate out-of-plane response data measured by
a laser vibrometer. The laser vibrometer is mounted on a
computer-controlled linear traverse that allows the measure-
ments of the transfer function between the disturbance signal
and the plate out-of-plane velocity on an eight by seven grid
of points equally spaced on the plate. The plate modal am-
plitudes and its wave-number transform are then computed
off-line as described in the Appendix. Preliminary studies on
an analytical model showed that the above discretization
gave almost perfect matching between continuous. i.e., the
closed-form expression of the wave-number transform. and
discrete representation, on the frequency range of interest.
Here, the discrete representation refers to the off-line esti-
mate of wave-number components using Eq. (10) rather than
the output of the wave-number sensor.

“The second set of experiments was conducted to dem-
onstrate the use of the sensing technique in a feedforward
sound radiation control approach with broadband distur-
bances. Three single-sided G1195 PZT piezoelectric actua-
tors with dimension 38X32X0.19 mm are mounted on the
plate as control inputs. Their center coordinates are given in
Table II and they are shown schematically in Fig. 1. The

* disturbance input is applied through the same shaker as for

the sensing tests. The low-pass filter cutoff frequency is now
set to 400 Hz in order to include the first five bending modes
of the plate. The wave-number sensor also uses the same
configuration as for the sensing tests, i.e., same sampling
frequency and filter coefficients. To compare the perfor-
mances of the wave-number sensor with far-field pressure
sensing, three error microphones are set up in the radiation
field. The three microphones are located in the horizontal
plane (¢=0°) at a radius 7=1.85 m along the three directions
of pressure estimate given above. The filtered-X version of
the LMS algorithm'? is implemented on a second
TMS320C30 DSP board in order to drive the three control
inputs. The control system adapts the coefficients of three
FIR compensators based upon the error signals, i.e., outputs
of wave-number sensor or far-field error microphones, and
the reference signal filtered by an estimate of the transfer
functions between each one of the three control input signals
and three error output signals. These nine fixed transfer func-
tions can be modeled by infinite impulse response (IIR) fil-
ters in the case of broadband disturbances as discussed in
Refs. 13 and 14. The reference signal is taken from the out-
put of the low-pass filter, thus providing a signal coherent
with the disturbance. The sampling frequency of the control-
ler board is set to 1500 Hz. A set of nine 35th-order IR filter
are used to model the filtered-X paths, while the three adap-
tive FIR compensators have a 35 coefficient impulse re-
sponse. Note that a single board could implement both sens-
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%) ing and control part, due to the relatively low computational
¥ 10ad required by the wave-number sensor. However for these
[aboratory tests, it was more convenient to program the sens-
£ ing and control on separate DSP boards. To monitor the ra-
f diated sound from the uncontrolled and controiled system, a
> microphone traverse located in the far-field measures the
* pressure field in the horizontal plane at 21 angles with a 9-

deg increment. Three extra fixed microphones provide pres-
" sure information out of the horizontal plane in order to con-
firm .he global nawre of the control. Their location appears
_in Table II. The laser vibrometer data is also used to com-
pute the plate modal amplirudes before and after control as
described in the Appendix. All the measured time domain
~ signals are transformed into the frequency domain using a
" B&K analyzer type 2032.

* W, RESULTS
~ A, Wave-number sensing

’;‘, Analytical results and simulations from Refs. 7 and 8
. show that only a small number of point sensors are required
, 'o estimate wave-number components for the low-order
¥ modes of a simply supported bear. The following section
5 discusses the experimental results obtained with the simply
4 supported plate and sensor presented earlier.
Figure 3 shows the magnitude of the actual (solid line)
f and predicted (dashed line) wave-number components asso-
ciatec¢ with direction of radiation §=36°. Both transfer func-
tions are relative to the disturbance signal (output of the sig-
nal generator) and the peaks observed in the response do not
always match the resonance frequencies given in Table . As
in standard modal analysis practice, these resonance frequen-

B L o
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cies are pased on rransfer .acuons relative to the output
signal of a force transducer monitoring the input force ap-
plied by the disturbance shaker. The plot shows excellent
matching between actual and predicted wave-number com-
ponents up to 200 Hz. Slight magnitude increases occur
above this frequericy but the variations remain within 3 dB
over the first five modes of the plate. Above 400 Hz, the
error between actual and predicted wave-number component
further increases reaching a maximum of 8 dE at the reso-
nance frequency of mode (4,2). The phase angle exhibits the
same trends and is not shown here. Also note that similar
performances were obtained in the two other directions of
prediction. i.e., §=—36° and §=0°. Since the radiated pres-
sure is directly proportional to the wave-number component
corresponding to the direction of radiation, the above results
ensure that the sensor is also providing good broadband pre-
diction of sound radiation as discussed later.

The variations between actual and predicted wave-
number components can be further discussed in terms of
aliasing due to the discrete integration scheme of the wave-
number transform. A one-dimensional structure is considered
here for simplicity. As discussed by Fahy,'"® the pth bending
mode presents a main peak in the wave-number domain at
k.= = pm/L. Hence significant aliasing will occur at the cor-
responding resonance frequency if the Nyquist wave number,
K,=m/Ax (Ax=L/N, being the spatial sampling period), is
smaller than p#/L or Ny<p. Moreover, since the structure is
finite, the main peak obtained at a resonance frequency will
be scattered into a continuum of smaller wave-number com-
ponents extending up to infinity. Therefore, some aliasing
will also occur for modes where N;>p. In order to reduce
aliasing errors, it is necessary to filter out the wave-number
components that are higher than the Nyquist wave number.
No sensor design has been propc-ed at this time to achieve
spatial wave-number filtering. Such a sensor should con-
volve the spatial distribution of te structural response with
the appropriate impulse response, whose wave-number trans-
form has the characteristics of a low-pass filter. It should be
noted that distributed sensors, such as PVDF films, perform
spatial weighting of the structural response, i.e., 2 multipli-
cation rather than a convolution product. Discussion of alias-
ing and its effect on the discrete wave-number transform and
aliasing are also given in Ref. 7.

To further validate the wave-number seasing technique,
it is of interest to study how the wave-number information
relates to the actual radiated pressure. In theory, wave-
number components coupled to a given direction of radiation
are related to the far-field pressure by a constant magnitude
and linear phase factor as expressed in Eq. (9). Figure 4
shows the magnitude of the transfer function between the
signal generator and the measured actual wave-number com-
ponent coupled to direction #=36° along with the magnitude
of the measured transfer function between the signal genera-
tor and the traverse microphone output located along the
same direction. Note that a scaling factor has been intro-
duced to facilitate the comparison. Very good agreement be-
tween wave-number information and measured radiated pres-
sure is obtained at practically all frequencies. The important
variation noticed at the resonance frequency of mode (1.2) of
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pressure in direction of radiation (6=36°, ¢=0°).

the plate, 244 Hz, is mainly due to 60-Hz noise in the mi-
crophone charge amplifier used for the measurements. Very
poor coherence (below 0.4) was noticed at this frequency. It
should also be noted that the even modes along the y direc-
tion, i.e., modes (1,2), (2.2), and (3,2), do not exhibit the
expected zero sound-pressure level in the horizontal x-z
plane. Due to imperfections in the boundary conditions as
well as the discontinuities introduced by the piezoelectric
patches and the disturbance shaker, the mode shapes of the
plate are not perfectly symmetric with respect to the x and y
axes. Hence, the velocity distribution along the y direction
does not perfectly cancel to give zero far-field pressure in the
horizontal piane.

B. Radiation control

The second set of experiments described in this paper
implements wave-number sensing in the radiation control of
the plate presented earlier. As described in part II. the control
approach uses a three channel filtered-X LMS algorithm and

the wave-number sensor provides an estimate of the accel-
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FIG. 5. Auto-spectrum of the third wave-oumber sensor error signal (4
=36°, ¢$=0°) before ( ) and after (~—) control.
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FIG. 6. Auto-spectrum of the third microphone error signal (6=36°, ¢= 0‘)
before ( ) and after (-----) control.

-

eration wave-number components coupled to radiation in dj.
rections 6= —36°, #=0°, and 8=36°. Three microphones lo-
cated in the far field at the same angles in the horizontal
plane are also used as error signals in order to compare the
relative performances of both types of sensing. :

Figure 5 shows the experimentally measured auto- §
spectrum of the third error signal (wave-number component
estimate coupled to radiation at angle 8=36°) for the uncon-
trolled (solid line) and controlled (dashed line) system using
wave-number sensing as described above. Significant reduc-
tion is achieved across the entire bandwidth. The radiation
for each one of the five modes is attenuated and the residual
response does not show any clear resonance behavior, result-
ing in a rather flat frequency content. The same trends were
measured for the first (= ~36°) and second (6=0°) emor -
signals. The total sound-pressure level attenuation c: the
three error signals was caiculated by integrating the three
auto-spectra over 10-600 Hz. Reduction levels of 12, 12.8, -
and 13.5 dB were achieved, respectively. When replacing the
wave-number sensor outputs by the three error microphones, -
similar performances are obtained in terms of error signals. -
Figure 6 shows the auto-spectrum of the third microphooe
error signal (#=36°) before and after control. Again, attenu-
ation is achieved over the entire bandwidth. In this case. the
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FIG. 7. Total sound-presssure level reduction integrated over 10~600 HZ]
using wave-number sensor ( ) and error microphones (s----). -
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FTABLE [V, Towu sound-pressure ievei ceduction incegrated over 10— 4

'$pL reducton in dB Locaton ! Location 2 Location 3
. S
B vave-number sensing 1.8 9.6 10.3
¥ ror microphones 124 10.6 10.6

13 total reduction levels for the three m1crophones are 9.3, 10.4,
% ,nd 12.6 dB. respectively.
In order to estimate the overall performances of both
control systems using wave-number sensing oOr pressure mea-
surements, far-field pressure auto-spectra are measured in the
porizontal plane for —90° <4 < 90° and at three “random”
Jocations out of the horizontal plane. Figure 7 shows the
mductxon in decibels inzagrated over the 10- to 600-Hz band-
width and measured in the horizontal plane. The solid line
- corresponds to the use of the wave-number sensor and the
- dashed line represents the performances obtained with error
* microphones. The three dashed-dotted straight lines show
the three direction of minimization. The reduction obtained
at the three extra locatio-  shown in Table IV and confirm
 the global nature of the  .rol. The two sensing methods
~ yield almost the same per:ormances. Between 10- and 12-dB
 reduction is obtained at all angles and similar results can be
found at the three exwra locations which were out of the
f traverse plane. Thus the wave-number sensor appears to be
i fully able to replace the three error microphones in the far
- field.

' To further compare the performances of wave-number
sensing versus the use of error microphones, the system
} structural and acoustic response is now studied at three dis-
tinct frequencies. The plate modal amplitudes are computed
at 244, 305, and 110 Hz from the measured broadband data
(laser vibrometer), as outlined in the Appendix. Results are
shown in Figs. 8, 10, and 12, respectively. For each of the
above frequencies, the corresponding far-field directivity pat-
tern obtained from the traverse microphone measurements is
also presented in Figs. 9, 11, and 13, respectively.

At 244 Hz, the plate is on resonance of the mode (1 2)
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FG. 3, Velocity modal amplitudes at 244 Hz before and after control usmg
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FIG. 9. Far-field sound-pressure level at 244 Hz before ( ' ] and after
control using wave-number sensor (-----) and error microphones {=-~- - ).

On-resonance cases yield better accuracy for the wave-
aumber sensor than off-resonance cases as shown in Fig. 3.
As a result, the plate modal response after control for 244 Hz
(Fig. 8) shows almost the same characteristics for both wave-
number and microphone sensing methods. As expected. the
far-field pressure in the horizontal plane also exhibits the
same behavior whether wave-anumber or pressure sensing is
used.

Off-resonance, the sensor accuracy deteriorates and
from the increased modal complexity, the control system be-
comes more sensitive to small variations in the error signal.
As shown in Fig. 10, the modal amplitudes after control
using the wave-number sensor differ slightly from the re-
sponse using pressure sensing. However the variations in the
error signals remain small and both set of modal amplitudes
follow the same tendency. Moreover the variations do not
significantly affect the far-field pressure as seen in Fig. 11.
For the second off-resonance case presented here (110 Hz),
both methods reduced mode (1,1) to about the same level.
However the amplitude of mode (2,1) increases much more
with the error microphones. In addition to the reasons given
above, the far-field -error measurements also differ from the
estimated wave-number components due to the presence of
reflected sound waves. At this frequency, the chamber is no
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FIG. 10. Velocity modal amplitudes at 305 Hz before and after control using
wave-number sensor and error microphones.
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FIG. 11. Far-field sound-pressure level at 305 Hz before (. ) and after
control using wave-number sensor (--~--} and error microphones (~-~-= ).

longer perfectly anechoic. As a result, the measured sound
pressure is perturbed by reflections from the chamber walls
while the output of the wave-number sensor remains unaf-
fected by the surrounding sound field. As expected, the error
microphones do a better job in reducing the sound pressure
in the far field. The microphones measure the free field as
well as the reflected field. On the other hand, the wave-
number sensor only observed the free field, thus resulting in
poorer performances. The above results present a good ex-
ample of modal restructuring.® The controlled modal ampli-
wde of mode (2,1) increases but the total structural response
still has a lower radiation efficiency resulting in far field
pressure reduction.

V. CONCLUSIONS

Broadband structural wave-number sensing has been ex-
perimentally demonstrated in the case of a baffled simply
supported vibrating plate. The main significance of the ap-
proach is its ability to estimate, in the time domain, super-
sonic wave-number componeats coupled to prescribed direc-
tions of radiation over a broadband frequency range.
Provided the sensor is accurate enough, it can completely
replace the use of error microphones in the case of baffled
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FIG. 12. Velocity modal amplitudes at 110 Hz before and after control using
wave-number sensor and error microphones.
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FIG. 13. Far-field sound-pressure level at 110 Hz before ( ) and afir §
control using wave-number sensor (--—) and error microphones (- -..),

planar structures. The available bandwidth is directly related
to the sensor complexity, i.e., number of measurement points
and order of the FIR filters. When observing the low-order
structural modes, comparison of predicted and actual wave. 3
number information shows that only a few point sensors are
required to build a fairly accurate integration scheme of the
wave-number transform. In order to improve the accuracy of ‘#
the sensor, the use of spatially convolving sensors shouid be .
considered to provide antialiasing filters in the wave-number ~
domain.

When applied to radiation control, wave-number sensing ,
yields the same levels of attenuation as error microphones in -
the far field. By observing the radiating part of the structural
vibrations (supersonic wave-number components), wave-
number sensing provides a more selective error information
compared to other structural sensing methods. As a result,
the control authority needed to reach a given level of sound |
reduction is decreased and thus, the wave-number approach
results in improved performances and efficiency. Moreover,
it can be of special interest when directional rather than glo- <
bal control is needed. Sensing radiation in prescribed direc-
tions rather than over the entire surrounding medium also *
reduces control authority. : '

The present approach is only valid in the case of baffied
planar radiators. For more complex geometries and non-
baffled structures, a different type of integration scheme
must be derived to account for the diffraction terms. Th:s is
the topic of future investigations.
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APPENDIX

The evaluation of the plate modal amplitudes and wave- §
number transform from the out-of-plane velocity measure-j
ments is briefly outlined. The plate out-of-plane velocity
w(x,y,t) is expressed using the assumed modes method as
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g poundary conditions, the mode- shapes along the x and y
P directions are expressed in the coordinate system of Fig. | as

‘ dnlx —sm[y,,, x+L./2})]
and . (A2)

@a(v)=siny,(y+L,/2)],

mspecu’vely. where y,=mm/L, and y,=nm/L,. Equaton
. (Al) can be written for N different locations (x;.y)),
i i=1.2,....N. Truncating the modal summation to include
t'; the first ;V modal amplitudes, the resulting set of equations is
[ _expressed as a linear system of the form

(A3)

amplitudes W, o j=1,2....,N, included in the summation
~ of Ea. (AD). 'I'he column vector w contains the N measured
" trans:;2r functions between a reference signal. e.g.. signal
. . generator. and the plate out-of-plate velocity at locations
(x,.y;). The square matrix S is given by

N, j=1,2,....N.

Sij= bm () ba (¥, =12,
(A4)

Since there is only a finite number of measurement
" points, spatial aliasing occurs in the modal decomposition.
Using ¥V measurement points, only ¥ modal amplitudes can
tbe resolved. Therefore, the response of the higher-order
& modes must be assumed negligible. The 8 by 7 gri< used
‘ '7 here proved to be sufficient to estimate the plate i re-
%" sponse at least up to 700 Hz. This can be checked by userv-
B ing the roll off in the amplitudes of the high-order modes.
B  After solving the linear system in Eq. (A3) for the modal
B amplitudes W, , , the wave-number transform of the out-of-

N
Wik ky)=j0 2 Wi i (e k) (A5)
e where §m n (k;.k,) represents the wave- -number transform of

‘he ﬂgenfuncnon of mode (m;,n;). A closed- form expres-
Slon is given as

R £ (K, k)= By () b (1), (A8)
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-jsin(yL,/2), for m even, for y, #v,
/
=jLy/2 exp(~jyL,/2), for ij=7v (A7)
and
By (V)= o
cqs( yL,/2), for n odd.
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ACTIVE CONTROL OF SOUND RADIATION FROM CYLINDERS
- WITH PIEZO-ELECTRIC ACTUATORS AND
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ABSTRACT

In this paper, analytical and experimental results of an investigation of active control of sound radiated
from cylinders are presented. The aluminum cylinder is 1 m in length, 25 cm in diameter and 2.4 mm in
thickness with two rigid end-caps at both ends. The excitation is a band-limited random noise encompassing
the first five modes of the cylinder and the control actuators are surface mounted piezo-electric transducers.
_ Since it is desired to integrate the error sensors into the structure, the recently developed Discrete Structural
Acoustic Sensing (DSAS) approach is- extended to cylindrical coordinates and implemented using twelve
accelerometers mounted on the cylinder. The structural acoustic sensor provides time domain estimates
of far-field radiated sound at predetermined radiation angles. The controller is a 3 by 3 Filtered-X LMS
paradigm implemented on a TMS320C30 DSP. The results show good global control of the radiated sound
over the frequency bandwidth of excitation. Most important, the proposed discrete structural acoustic sensor
yields similar performances as error microphones located in the far field. [Work supported by the Office of
Naval Research]

Keywords: active radiation control, cylinder, experiment, piezoelectric transducer, transducer
array

INTRODUCTION

Much research has been conducted in the active control of low-frequency structure-borne sound. When
compared to passive methods, active control presents significant advantages in the low-frequency range
where passive control becomes often impractical due to prohibitive volume and/or mass requirements. For
the past decade, Active Structural Acoustic Control (ASAC) has received much attention as it presents a
practical alternative to the control of low-frequency radiated noise 1,2]. In this technique, the radiated
sound pressure is attenuated by applying mechanical inputs directly to the structure rather than by exciting
the surrounding medium with acoustic sources (Active Noise Control). Piezo-electric devices have been
applied extensively to Active Structural Acoustic Control systems as structural actuators [3-5)] thus yielding
a compact or “smart” structure. In an attempt to further reduce the size of the overall control arrangement,
the microphones located in the far field to provide radiation error information are also being replaced by
structural sensors such that all transducers are integrated in the structure.

As most ASAC applications involve noise control below the coincidence frequency of the radiating struc-
ture, appropriate structural sensors for ASAC should only observe the radiating part of the structural
vibrations. This gives more flexibility to the controller which in some situations modifies the structural vi-
brations such as to attenuate far-field radiation with no net reduction in the overall vibration levels. Sound
attenuation in the far field can then be achieved with a reduced control authority compared to cases where
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all structural motion is canceled (Active Vibration Control) [6].

With the emergence of polyvinylidene fluoride (PVDF') as a sensor material, several structural sensors for
ASAC have been proposed to observe the radiating part of the structural vibrations. Most of these sensing
techniques are based on modal sensing [7): the sensor effectively observes a specific set of modes of vibration

. (natural or radiation modes of the uncontrolled resporise) which couples well to far-field radiation (8-11].

An accurate knowledge of the structure’s dynamic properties is therefore required. Recently, an alternative
sensing technique referred to as Discrete Structural Acoustic Sensing (DSAS) was demonstrated both ana-
lytically [12,13] and experimentally [14,15] on baffled planar radiators. The technique implements an array
of structural point sensors whose outputs are passed through digital FIR filters to estimate in real time the
far-field radiated pressure in a given direction, or equivalently, a given wave-number component, over a broad
frequency range. It uses the relation between the structural out-of-plane vibrations and the far-field sound
pressure as defined by the Helmholtz integral. One of the significant advantages of this strategy lies in its
low modeling requirements compared to modal sensing approaches. In particular, the sensor design does not
require the knowledge of the structural mode shapes and thus remains largely independent of the boundary
conditions. Consequently, it is particularly well adapted for feedforward control approaches commonly used
in ASAC systems where no analytical system modeling is necessary. This paper presents analytical and
experimental results on the extension of Discrete Structural Acoustic Sensing to baffled cylindrical radiators.

Most of the work on ASAC systems deals with planar geometries or systems than can be decomposed
in a set of planar radiators and few reports of experiments on cylindrical structures can be found in the
literature. Previous work by Clark and Fuller [16] demonstrated experimentally the harmonic control of
sound radiation from a finite enclosed cylinder using PVDF error sensors and piezo-electric actuators. The
present study extends the above work by considering broadband radiation contro} over the first five flexural
modes of the structure. After briefly introducing the theoretical formulation, analytical and experimental

. results are presented. In both cases, the discrete structural acoustic sensor is first studied in terms of its

accuracy to predict radiated pressure. Broadband radiation control results are then discussed by comparing
the performances of the sensor to those of error microphones located in the far field.

THEORETICAL BASIS

This section presents the analytical formulation of Discrete Structural Acoustic Sensing. A relation between
discrete structural acceleration and far-field pressure estimate is derived for the case of baffled cylindrical
geometries.

Far-field sound pressure For the general case of arbitrary geometries, the sound pressure radiated from
a vibrating structure into an unbounded medium can be expressed using the Kirchhoff-Helmholtz integral
formulation (17]. Assuming a harmonic solution for the pressure, p(r)e™*, where w is the angular frequency,
this is expressed as

plr) = / / [pa(rnrow(ro)+p(ro)5"’—mcj1(rnro)] iS(r), rev M

In the above equation, So denotes the radiating surface and V the surrounding volume. The sound pressure

p(r) at field point r is expressed as a surface integral involving the out-of-plane structural acceleration, w(ro),
the surface pressure p(rq), the Green’s function, G(r|rs), and its normal gradient, and the fluid density, o
Note that this formulation assumes the radiator has solid boundaries such that the fluid velocity on the
boundary is equal to the structural out-of-plane velocity. The normal pressure gradient then becomes equal
to pi(rg). Discrete Structural Acoustic Sensing is based on the existence of a Green's function satisfying
the Neumann boundary condmon,

G '

= = 2

B o(rlro) 0, reSe (} )

such that the radiated pressure field becomes solely dependent on the structural acceleration and geometry.
For baffled cylindrical geometries (see Figure 1), a closed-form solution exists for the Green’s function
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Figure 1: Baffled cylindrical geometries.

verifying equation (2). The radiated pressure is then expressed as

2% 4L

p(R,6,0)=p /o . G(R,8,¢lr = a,¢',2')i(¢',z')adg" dz’ )

The Green’s function in equation (3) can be obtained from the radiated pressure due to a point acceleration
distribution located on an infinite cylindrical baffle. The resulting expression is approximated in the far field
as (17] ‘ o

_ _exp[-~3K(R — z9c086)] T "+ cosn(d ~ do)] |
G(R7 91 ¢la9 ¢0) ZO) - Wz_akRSin 0 ngo E" H'(‘g): (ka sin 0) (4)

where €, = 2 for n = 0 and &, = 1 for n > 0 (n integer). The function ;1 (z) denotes the first derivative
of the nt* Hankel function of the second kind. The acoustic wave-number is denoted as k = w/c where c is
the speed of sound. The various coordinates and dimensions involved in equation (4) are shown in Figure 1.

Sensor estimate An estimate of the radiated pressure in equation (3) is now constructed. The integral
over the radiating surface Sp is approximated using a N point zero-order interpolation of the acceleration
distribution {15}, i.e., the acceleration is assumed constant over N small elemental surfaces, Sm, m =
1,2,...,N,such that S = UN_,Sm. The resulting pressure estimate takes the general form

) ’ N ' .
Pa(R,0,6,1) = ) (dm, 2m: ) Hm (R, 6, 9) | (5)

m=1

where (¢m,2m) represents the coordinates of the m*? node, and H (R, 6, ¢), the m*h sensor transfer function.
Defining Sm = aAzmAdm as the m®h elemental surface aligned with the axial and circumferential directions
such that its center coincides with (¢, zm), the sensor transfer functions can be expressed as

lm+Azm/2 Pm +A¢m/2 ‘
/ G(R, 6, 8|0, b, 2m)a db dz (6)

Hn(R,0.0) =5 [

Zm=Azm/2 JPm—Adm/2

The transfer function H;(R, 8, ) can be interpreted physically as the sound pressure radia.ted at (R,9,9)
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from the m** elemental surface vibrating along the normal to its center (¢m,zm) With a unit acceleration.
In other words, the pressure estimate is constructed by summing the radiation contribution of N cylindrical
pistons weighted by the measured acceleration amplitudes. It is thus referred to as the piston approximation.
Assuming the Green's function remains almost constant over each surface Sm, the transfer function in equa-
tion (6) can be replaced by paldz,AdmG(R, 9, ¢|d, dm, 2m). In this case, the far-field pressure is estimated
from the contribution of N monopole sources (monopole approximation). As expected, both approximations
become equivalent as kmax(Azp,, Adm) <€ 1.

It should be stressed that the sensor transfer functions solely depend on the geometry of the problem
and the properties of the fluid medium. No accurate knowledge of the structure’s dynamics is thus required
for their design. Note however that some information is still needed in order to determine an appropriate
discretization level for accurate estimates. Furthermore, the sensing approach can be extended to geometries
for which no Green’s function is available analytically. The far-field pressure radiated from each elemental
surface vibrating independently on the structure’s boundary must then be solved numerically using the

Boundary Element Method.

PRACTICAL IMPLEMENTATION

This section briefly recalls some of the important issues associated with practical implementation. The pres-
sure estimate presented in the previous section is implemented on a real system using a set of accelerometers
mounted on the structure and arrays of digital filters. More precisely, each measured acceleration signal is
passed through a digital filter modeling the associated sensor transfer function. All filter outputs are then
summed to provide the sound pressure estimate. Several arrays of filters can be implemented in order to
provide pressure estimates at different locations.

As explained above, each transfer function represents the far-field radiation into an unbounded medium
from a cylindrical piston source (or monopole) with unit acceleration and located on a cylindrical baffle.
The associated characteristics directly motivate the use of Finite Impulse Response (FIR) filters to model
the sensor transfer function. In particular, no resonance behavior occurs due to the assumption of an
unbounded medium and notches in the transfer functions magnitude associated with zero pressure angles
are easily modeled by appropriate zeros in the filter’s impulse response.

Another important issue is related to the time delay of the sensor transfer functions, which is directly
related to the acoustic path propagation time, R/c. As the pressure estimate is only valid in the far field,
this delay can become significant compared to the sampling period of the digital filter, thus increasing its
complexity. It can be shown however that error signals based on far-field pressure at a given location can
be shifted in time without loss of performance of the control system (the time shift is equivalent to moving
the minimization point along a constant radiation angle) [15]. Removing the above time delay yield transfer
functions with a minimum phase delay which significantly reduces the number of FIR filter coefficients
required for accurate modeling.

SYSTEM CHARACTERISTICS AND EXPERIMENTAL SETUP

Testing of the structural acoustic sensor described above was performed on a finite aluminum cylinder. This
section presents the main characteristics of the system, the control and measurement setups implemented in
the experiments as well as the numerical model of the structure.

System characteristics Due to the limited number of accelerometers available for implementing Discrete
Structural Acoustic Sensing, the choice of the cylinder’s dimensions and material was made such that the first
few flexural modes of the structure have low modal order in both the axial and circumferential directions.
The cylinder characteristics are given in Table 1. The dimensions were measured on the actual structure
while the material properties are based on standard values for aluminum. In order to allow structural
vibration measurements over the entire surface of the cylinder as well as acoustic measurements over the
sphere surrounding the structure, the cylinder’s attachment to its support stand is designed to allow full
rotation along its main axis. The cylinder is closed at both ends by aluminum end-caps 12.7 mm in thickness.
Each end-cap is attached to the cylinder with a set of 12 small screws equally spaced along the circumference.
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A steel rod 3.18 mm in diameter is threaded into each end-cap and mounted on a nylon ring. The ring is
fixed in a 19.05 mm aluminum section which is boited to a heavy steel support stand. To allow acoustic
measurements of the baffled structure, two sections of “ng1d” PVC pipe are installed on each side of the
cylinder along its main axis. The two pipes extend in length up to the walls of the anechoic chamber. A
picture of the complete rig including the baffle is shown in Figure 2.

All structural vibration inputs, i.e., both Parameter - Cylinder | Actuators
disturbance and control inputs, are ap- length (mm) 987 38.1
plied through single-sided ,pxao-electrfc aC- | outside diameter / width (mm) 254 69.9
tuators. No curved actuators were available thickness, (mm) 2.36 0.1905
for the experimental testing and flat actl~ | Young's modulus, (N/m?) 7.1x107 | 6.1 x10%°
ators 18] were mounted on the cylinder by | pigson ratio, 0.31 0.33
cutting them across their width into a set mass density, (kg/m?) 2700 7750
of cight strips of same dimensions. The | g congtant (m/V) - 171 x 10712
original actuators are 63.5 mm in length hysteretic damping factor, 0.002 0

and 38.1 mm in width, which results in
:lrgehxth\‘xiter?in:nb{hzsé)l'linﬁfr :tg‘f;’l deT::y Tatli)le‘ 1 Dilmen§ioan; and material properties of the cylinder
face side by side with their length along the and piezo-electric actuators.
cylinder’s axis and wired in phase. A gap of approximately 1 mm remains between each actuator strip to
avoid short circuits between the electrodes of two adjacent actuators. The total surface area covered by the
set of eight actuators is 69.9 mm by 38.1 mm. Table 1 presents the dimensions and material properties of the
piezo-electric actuators. Four sets of the actuator arrangement described above are mounted on the cylinder
according to the center locations given-in Table 2. The disturbance actuator center location serves as the
origin of the circumferential direction, ¢ = 0°. Its axial location, z/L = —~0.328, ensures that all flexural
modes present in the 0-1000 Hz bandwidth are excited. The three other actuator sets are implemented as
control inputs. Their location was determined such as to allow various control configurations.

The discrete structural acoustic sensor implemented on the cylinder uses 12 accelerometers (PCB Piezo-
electric ICP accelerometers - Model 352A10). The point sensors are arranged as 2 rings of 6 accelerometers
equally spaced according to

¢m ‘-‘-‘MAd), m=0,1,... ,N¢—1, A¢=21r/N¢ . (7)
zZa =-L+Az{2+nAz, n=0,1,...,N;~1, Az=2L/N,
where N; =2 and Ny = 6 are the number of points along the
axial and circumferential direction, respectively. Note that the gi:?:::;::ce BT -g {338 ¢ (degr o)
accelerometers are aligned with the disturbance actuator such control PZT #1 | 0 '370 180
that the modes excited by the disturbance input have anti- [ . pom %2 0.220 60
nodes along the circumferential directions aligned with the | '/ 0 pyT & 9 | 0.305 950

point sensor locations. As it will be discussed later, the sensor
accuracy is independent of the point sensor circumferential lo- Table 2: Actuators center location.
cations when the number of sensors along the circumferential \
direction is greater than the highest circumferential order of the modes present in the bandwidth. When
this condition is not satisfied however, care must be taken so that the point sensors do not coincide with the
nodal lines of a given mode (mode n = 3 in this case). Furthermore, placing the sensors on anti-nodal lines
ensures better signal to noise ratio thus improving the accuracy of the sensor estimate.

Control and measurement setups For all experimental testing, the cylinder is excited through the
disturbance actuator with a band-limited random noise. The sensor accuracy tests are performed over
a 200-630 Hz bandwidth while the control tests use a 200-500 Hz bandwidth. The reduced bandwidth
associated with the control tests ensures that the 2 by 6 sensor yields relatively accurate estimates over the
frequency range. A three channel Filtered-X LMS algorithm [19] is implemented on a Texas Instrument
TMS320C30 digital signal processor (DSP) to provide up to three control signals. The results presented in
this paper correspond to cases where only the first and second control actuators were excited however (see
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1aute ). ine controller’s reference is taken from the signal fed to the disturbance actuator. Most of the
control tests include an artificial delay in the disturbance path so as to improve system causality. A few
cases were also run with a zero delay in order to evaluate the influence of system causality on the control
performance. All control tests use the following settings: the sampling frequency is set to F, = 2000 Hz, the
FIR compensators have 50 coefficients, and the IIR filters modeling the filtered-z path transfer functions have
60 coeflicients in both numerator and denominator. All tests use three error signals based on the structural
acoustic sensor and far-field error microphones (B&K 1/2 in microphone, Model 4166), respectively. The
sensor’s array of filters is implemented on a second TMS320C30 digital DSP. Note that both controller
and sensing code could be implemented on a single DSP. The three error microphones are located along
6 = 70°, § = 90°, and § = 110°, in the ¢ = 0° plane at R = 1.85 m while several sets of FIR filters were
designed to provide pressure estimates for various radiation angles. All FIR filters have 22 coefficients with
a sampling frequency, F, = 6000 Hz. The sensor transfer functions are accurately modeled up to about
2500 Hz. This wide bandwidth relative to the actual bandwidth of excitation was found necessary in order
to ensure stability for the control system. Cases where the response of the sensor filters is not constrained
at higher frequencies can lead to unwanted amplification of high frequency content remaining in the system
due to the finite roll-offs of the low-pass filters.

All tests were conducted in a2 42 m
by 22 m by 4.5 m anechoic chamber at
the Vibration and Acoustics Laboratories
(VAL), Virginia Tech. The chamber has an
approximate cut-off frequency of 250 Hz.
Qut-of-plane structural vibrations are mea-
sured with a Politec laser vibrometer (Model
OFV-2600/0FV-501). To allow measure-
ments over the entire radiating surface, the
laser head is mounted on a one-dimensional
linear traverse driven by a stepper motor
while a second stepper motor mounted on
the end-cap assembly rotates the cylinder
around its main axis. The structural velocity

measurements use a grid of 13 points along

Figure 2: Cylinder rig inside the anechoic chamber. . the axial direction and 18 point along the
circumferential direction. The measurement
point locations are defined by equation (7) with N, = 13 and Ny = 18. This discretization level proved
to be sufficient to accurately measure the structural response over the frequency bandwidth of excitation.
The sound pressure radiated from the cylinder is measured inside the anechoic chamber with a B&K 1/2in
microphone (Model 4166) mounted on a circular traverse. The traverse microphone is located at a radius of
1.85 m from the center of the cylinder. Due to the legs of the support stand, the traverse can only move in
the z-z plane from 8'= 10° to § = 170°. The rotation of the cylinder also allows measurements along the
circumferential direction from ¢ = 0° ta ¢ = 360°. All far-field measurements use a grid of Ny = 13 points
along the azimuthal direction, 8, and N, = 18 points along the circumferential direction, ¢.

Numerical simulations In order to study various sensor configurations, numerical simulations were per-
formed prior to the experiments described above. The cylinder structure is modeled under steady-state
harmonic excitation of point forces and piezo-electric actuators with a variational approach implementing
the Rayleigh-Ritz formulation [15]. In this model, the mechanical displacements and electrical fields within
the piezo-electric actuators are fully coupled thus including the mass and stiffness loading of the actuators.
This energy based formulation also allows modeling of arbitrary boundary conditions applied along the edges
of the cylinder. The reader is referred to [15] for a complete description of the model. The optimal control
voltage to each actuator is computed using standard Linear Quadratic Optimal Control theory, where the
cost function to be minimized is a quadratic function of tHecontrol voltage amplitudes.
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Table 3 presents the natural frequencies of the first few modes of the mode | modeled | measured
cylinder as obtained from the numerical model and experimental modal (m,n) (Hz) (Hz)
analysis, respectively. Examination of the associated mode shapes re- (1,2) 240.8 241.2
veals the structure’s attachment creates approximately simply-supported (1,2)* | 241.0 244.2
boundary conditions. The first modal index, m, is associdted with the (1,3) 304.9 302.9
axial direction, and the second index, n, with the circumferential direc- (1,3)* | 3055 303.1
tion. Note that each mode of vibration is associated with two distinct (2,3) 498.8 497.0
natural frequencies and mode shapes rotated along the circumferential | (2,3)* | 499.2 500.3
direction by 7/(2n) relative to one another. This behavior is expected | (1,4) 547.6 540.6
due to the asymmetry introduced by the added mass and stiffness of the (1,4)* | 5478 541.1
piezo-electric actuators. Disregarding the mismatch of mode (1,1), good | (1,1) 565.3 708.0
agreement between numerical and experimental natural frequencies can (1,1)* | 565.5 -
be observed. Including the circumferential dependence of the stiffness (2,4) 609.1 601.7
factors used to model the boundary conditions would possibly improve (2,4)* | 609.2 604.6
the match especially for the (1,1) “beam” mode.

Table 3: Comparison of the nu-
merical and experimental natural
frequencies.

SENSOR ACCURACY

This section presents successively analytical and experimental results showing the accuracy of the structural
acoustic sensor. The sensor estimate is compared to the actual sound pressure radiated in the far field over

the 200-680 Hz bandwidth.

Analytical results  Figure 3 shows the

magnitude of the far-field radiated pressure % R

in direction (8 = 70° ¢ = 240°) (solid line) sob

along with the sensor estimate based on the

piston approximation and two different point «}

sensor configurations. The dashed line corre- |F

sponds to a 8 by 7 sensor, i.e., the acceleration |% o}

measurement points are located according to | &

equation (7) with N; = 8 and Ny = 7, and ; 20

the dotted line to a 2 by 12 sensor. Recalling |¢

the natural frequencies given in Table 3, the -

resonance peaks correspond, as frequency E‘

increases, to modes (1,2), (1,3), (2,3), (1,4), of

(1,1) and (2,4) where the first and second ' :

index refers to the axial and circumferential -0 R oo :':: :‘:Zz
order, respectively. As seen on the plot, the N ) . X . — .
8 by 7 sensor yields excellent accuracy at the o 0 w0 w0 R e 550 600 650

resonance frequency of all modes ircluded in ,
the bandwidth except for modes (1,4) and Figure 3: Actual and estimated far-field pressure in direc-
(2,4) where large errors can be observed. tion (70°,240°)-
Considering the 2 by 12 sensor, excellent
accuracy is obtained at the resonance frequency of all modes except for a small error near resonance of
modes (2,3) and (2,4). These results illustrate two fundamental properties of the sensor estimate for
cylindrical geometries.

Analogous to the case of planar radiators, the far-field radiated pressure in equatxon (3) can be expressed
in terms of the two-dimensional wave-number transform of the structural out-of-plane acceleration [15}.
The wave-number transform along the circumferential direction maps a periodic spatial distribution with
period 27 into two sets of wave-number components (or Fourier coefficients) defined over a discrete set of
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wave-numbers, n = 0,1,...,+00, while the transform along the axial direction maps a finite length axial
distribution into a wave-number distribution extending from —oc to +o00. Now considering a sensor based
on the monopole approximation and a set of equally spaced measurement points, the resulting estimate can
be expressed in terms of the associated discrete wave-number transforms as [15]

.

R.9 ) pe-’kR = Jn+l e 0 k '] ey k §) si 8
p4(R,0,¢) = Tk Roind 2 GOT (oo {5, (k cos8) cos(ng) + 5] ,(k cos6) sin(ng)}  (8)

where
B = 2t Tmeco 1) co5(8m,) O — ORI
{ﬁ-');'n('Y) = €. Zm:::) &:’d ¢m1)7) sm(n¢m.) = wd(¢,7) zng-;o w(¢, z"‘?) ( )

Note that the actual radiated pressure is obtained by replacing 1 , () and 13 ,,(7) in equation (8) by their
continuous equivalent , .
B(n) = g [l Jy(8,2) cos(ng)e™™ db ds (10
i) = e [ [ (4, 2)sin(nd)e dp da

The pressure radiated in the far field at a particular angle is associated with a single axial wave-number
component, k cos(d), within the supersonic region, [—k, +k], and an infinite number of circumferential wave-
numbers, n =0, 1,...,+00. In practice, the infinite summation can be truncated based on the highest order
of the circumferential modes included in the response and the range of the non-dimensional parameter, ka,
‘as the magnitude of the Hankel derivative tends towards infinity as n increases.

From equation (9), the accuracy of the sensor estimate is dictated by the levels of aliasing occurring in
the axial and circumferential discrete wave-number transforms. The number of point measurements along
the axial direction, N, should be such that the Nyquist axial wave-number, K,/2 = N,7/(2L), remains
above the main axial wave-number components of the acceleration distribution. Likewise, the circumferential
Nyquist wave-number, K,/2 = Ny/2, should be greater than the highest circumferential order of the modes
found in the structural response. This requirement is a direct consequence of the sampling theorem commonly
applied to the sampling of time domain signals. It should be pointed out that unlike the axial wave-number
transform which extends up to infinity regardless of the spatial distribution due to the finite cylinder length,
the circumferential wave-number transform only contains the components associated with modes found in
the distribution. Therefore, while the axial discrete wave-number transform always result in some level of
aliasing, the discrete circumferential wave-number transform will yield no aliasing, i.e., perfect estimates,
provided all components above the Nyquist wave-number have zero amplitude. In addition, all or part of the
wave-number components associated with circumferential wave-numbers above the Nyquist wave-number
will yield large errors due to the periodicity of the discrete wave-number transform. Thus, the Nyquist
circumferential wave-number should be high enough such that errors associated with higher wave-numbers
are canceled by the large magnitude of the Hankel derivative term. Finally, it can be shown that the
circumferential wave-number component estimate is independent of the origin of the point sensors locations
along ¢ provided the number of measurement points satisfies the sampling theorem along this direction.
Note that similar trends are expected for the piston approximation.

Returning to Figure 3, the axial wave-number transform on resonance features a main peak around
v = mn/(2L) where m is the axial modal index. Consequently, the number of measurement points along the
axial direction should be greater than the modal index of the mode dominating the response, i.e., N; > m.
Similarly, the number of point measurements along the circumferential direction should be greater than twice
the modal index of the associated mode, i.e., Ny > 2n. Cases where at least one of the above conditions is
not satisfied yield aliasing errors as shown in Figure 3. At off-resonance frequencies, the response includes
higher order modes which deteriorate the accuracy of the estimate. Note that the discretization level is the
critical parameter affecting the sensor estimate. In other words, good sensor accuracy is ensured over the
entire radiating field as long as the number of measurement points is high enough relative to the dominant
modes of the response. Finally, it should be mentioned that the above results assume perfect modeling of the
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Active control of sound radiation from cylinders

sensor transfer functions. However, due to the relative simple characteristics of the sensor transfer functions,
excellent modeling accuracy can be achieved with only a few FIR coefficients.

Experimental results This section briefly presents the accuracy of the sensor Whlch is implemented
experimentally on the cylinder. The cylinder is excited ‘through the disturbance piezo-electric actuator with
a band-limited random noise over 200630 Hz. As true far-field conditions do not exist in the anechoic
chamber especially at low frequencies due its limited size relative to the dimensions of the cylinder and
the acoustic wave-length within the frequency bandwidth of excitation, the pressure radiated in the far
field is “reconstructed” from the laser out-of-plane velocity measurements. Analogous to the real time
pressure estimate implemented in the sensor, the pressure field is computed off-line from the structural laser
measurements and the associated Green’s function replacing the continuous integral in equation (3) by its
discrete approximation {15]. The magnitude of the reconstructed pressure at angle (76.8°,0°) is compared to
the associate sensor estimate in Figure 4. Recalling the system’s natural frequencies presented in Table 3, five
flexural modes have their natural frequencies within the 200630 Hz bandwidth. With increasing frequency,
the five main resonance peaks noticed on the plot correspond to modes (1,2), (1,3), (2,3), (1,4), and (2,4),
respectively. Notice that the response also exhibits small contribution from “double” modes (1,2)*, (2, 3)*,
and (2,4)*.

Examining the sensor output (dotted
line), the pressure estimate' shows good

accuracy around the resonance frequency P @4
of the (1,2) mode. A small variation of :
about 2 dB is observed at the resonance 50 1
frequency of mode (1,3). The reconstructed |F -

pressure is also relatively well estimated at |2

off-resonance frequencies around the (1,2) |& a2

mode. The sensor accuracy then deteriorates é

as the frequency increases. A 6 dB variation 5 2

between reconstructed and estimated pressure | £

is noticed at the resonance frequency of mode |$

(2,3) while the estimated pressure at the o

resonance frequencies of the last two modes

in the bandwidth (modes (1,4) and (2,4)) is -10 :'.
off by more than 20 dB. N . ' . o
The above tendencies confirm the analyt- | %0 20 % 0 a0 o W w0 @0

ical results discussed in the previous section
and agree well with the properties of the sen- Figure 4: Reconstructed and estimated far-field pressure in

sor estimate. As mentioned earlier, N, = 2 direction (76.8°,0°).

. measurement points along the axial direction

yield good estimates for modes of axial order 1 or less. In the circumferential direction, Ny = 6 measure-
ment points ensure accurate estimates of modes up to n = 2. That is to say, spatial distributions that are
dominated by modes with axial and circumferential order larger than one and two, respectively, do not yield
accurate pressure estimates. .

RADIATION CONTROL

The following two sections discuss the analytical and experimental control results. In both cases, the cylinder
is under broadband excitation through the disturbance actuator. In order to evaluate the performance of the
structural acoustic sensor, results compare its control performances to those obtained with error microphones
located in the far field. Note that the following analysis focuses on the influence of the “error” information
on the control performances. In particular, the system is not optimized in terms of control input and/or
error measurement locations to achieve the best possible attenuation in radiated power over the frequency
bandwidth of excitation. '
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Analytical results This section presents two control cases based on the minimization of the estimated
and actual radiated pressure in directions (70°,0°), (110°,40°), (90°,160°), (70°,240°), and (110°, 320°).
These five radiation angles, (0, ¢), were chosen such as to obtain good global sound attenuation, i.e., none of
the modes included in the frequency bandwidth have radiation nodal lines along all five angles. Both cases
use the same control input configuration: the actuators locations are those given in Table 2 except for the
circumferential angle of the third control actuator which was set to ¢ = 225°. All three control actuators are
included in the following results. Note that this configuration yields an over-determined system such that
the optimal control amplitudes are solved in the least square sense. The cost function thus does not include
the control effort usually required to condition the solution of under-determined systems [19].

Figure 5 shows the radiated sound power
KT ' before control (solid line) and after control
based on the two cost functions. The dashed

80 T T T -r T Y e
. ) . (

or line corresponds to the minimization of the
z five pressure estimates using a 3 by 9 struc-
= sor tural acoustic sensor (N, = 3, Ny = 9) while
& the dotted line corresponds to the minimiza-
= sof tion of the actual radiated pressure in the
2 same directions. As seen on the controlled
§ aof response, both sensing approaches yield very
5 4 <i.]| close control performances. The radiated
2 aof sound power is attenuated over the entire
g i ‘ - bandwidth with very small control spillover.
wl /i ' —— Betore control || The total attenuation across the bandwidth
ol ; =~ - After control, 3 by 9 is 20.3 dB for the structural acoustic sensor
A " Ahtef conwol. micophanes and 18.6 dB for the error microphones. These
90 20 300 350 4:;'«:oq N :;O(Hz)soo 550 600 650 results are expected since the discretization

level of the sensor ensures reduced aliasing

Figure 5: Radiated sound power - Minimization of pres- errors for acceleration distributions including
sure estimate in directions (70°,0°), (110°,40°), (90°,160°), modes with axial and circumferential orders
(70°,240°), and (110°, 320°). up to 2 and 4, respectively. In other words,

all modes included in the bandwidth yield
accurate pressure estimates. Note that minimizing the actual radiated pressure yields a slight decrease in
overall sound attenuation thus suggesting the small errors introduced in the pressure estimates result in a
slightly more global error information. These results show that the structural acoustic sensor implemented
in this case can effectively replace the error microphones. Comparatively, a reduced number of acceleration
measurement points would increase aliasing errors in the sensor estimate and in turn reduce the global
sound attenuation levels.

It should be mentioned that the above results are based on an optimal control solution in the frequency

domain which presents a number of limitations when used to predict the performance of a real time domain
control system under broadband frequency disturbances. Specifically, the optimal control transfer functions
are not constrained to yield realizable FIR filters. This often leads to over-estimating the controller per-
formance and, in some cases, to control spillover not observed experimentally due to the finite number of
coefficients in the control compensator among other factors. Consequently, the analytical results presented
above do not accurately model the performance of the control system investigated experimentally. However,
they still provide insight into the control performance of stcrete Structural Acoustic Sensing compared to
other sensing approaches. ..
Experimental results This section discusses some of the control results obtained experimentally on the
system described previously. The first two cases use the 2 by 6 structural acoustic sensor to provide error
signals associated with pressure estimates in three directions. A third case uses three error microphones
located along the same directions for comparison purpose. All three cases use the first two control actuators,
leaving the third actuator unexcited. The radiated sound power presented below is estimated from the
traverse microphone measurements over the sphere surrounding the cylinder.
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The first control case corresponds to the minimization of the three sensor outputs associated with pressure
estimates in directions (76.8°,340°), (63.5°,0°), and (103.2°,0°), respectively. Figure 6 shows the radiated
sound power before and after control. The dashed line corresponds to the standard configuration where a 20
sample delay is included in the disturbance path. The dotted line corresponds to an additional case based
on the same control and error configuration with no delay included in the disturbance path. In both cases,
the radiated sound power is attenuated by 20 dB or more near all resonance frequencies of the uncontrolled
response. Small increases in sound power can be observed at off-resonance frequencies. Note that the dotted
line associated with a possible acausal system does not show significant loss in performance compared to the
dashed line. In other words, system causality does not appear to be a critical factor in this case. Due to
the small levels of damping present in the system, the response is largely dominated by the five resonance
frequencies of the modes included in the bandwidth. It is therefore highly predictable allowing control
regardless of the system’s causality. The total reduction level in radiated sound power achieved across the
frequency bandwidth of excitation is 15.4 dB with the 20 sample delay and 15.0 dB with no delay. Note
that the three directions of minimization ensure good global control, i.e., no spillover is observed on the
radiated sound power of the controlled response. In other words, the controller is forced to attenuate the
amplitude of all modes in order to minimize all three error signals. Modal reduction is therefore the main
control mechanism involved in this case.

The second control case based on the 7
structural acoustic sensor uses three pressure
estimates in directions (70°,0°), (90°,0°),
and (110°,0°). These three directions of
minimization correspond to the locations of

g

next control case. Figure 7(a) shows the ra-
diated sound power before and after control.
Excellent attenuation levels ‘can be observed
near resonance of modes (1,2), (1,3), (2,3)
and (2,4) while significant control spillover
is noticed near resonance of modes (1,2)*
and (1,4)*. The total attenuation in radiated
sound power is 5.9 dB. In this case, all

2

8 a

' Sound Power Level (dB, re 10°'* Watts)
8

-
[~3
T

. . oo s . . - = = Aftar controf (20 di
directions of minimization areinthe ¢ =0° | || ... ; m.,m:m m‘ o

plane which coincides with radiation nodal 0

line of modes (1,2)*, (1,4)* and (2,4)*. In S | 550 600
other words these modes are not well observed :
by the three error signals. This explains the Figure 6: Radiated sound power - Minimization of pres-

increase in radiated sound power noticed near Sure estimates in directions (76.8°,340°), (63.5°,0°), and

resonance of mode (1,2)* and (1,4)*: rather (103.2°,0°)..

than canceling the associated modal amplitudes, the controller recombines the modal amplitudes of the
“double” modes and rotates the acceleration distribution such that the resuiting nodal lines are aligned
with the minimization angles. This modal restructuring mechanism is illustrated in Figure 7(b) where the
out-of-plane velocity distribution measured by the laser vibrometer is shown before and after control at
541 Hz, i.e., near resonance of mode (1,4). The acceleration distribution after control is clearly rotated.
Note that modal restructuring does not occur near resonance of mode (1, 3) and (2,3). The first two control
actuators are aligned with the anti-nodal lines of the associated “double” modes (1,3)* and (2, 3)* therefore
preventing their excitation. It should be pointed out that the previous case does not allow the above modal
restructuring as the error signals do not correspond to pressure estimates along circumferential angles
multiple of 45°, i.e., one error signal at least observes the “double” modes thereby forcing the controller
to reduce the associated vibrations. These results therefore confirm the relatively good accuracy of the
structural acoustic sensor implemented on the cylinder. Despite the small level of discretization (N, = 2,
Ny = 6) which only provides accurate estimates near resonance of mode (1,2), the sensor still yields
error information somewhat related to the radiated sound pressure at higher frequencies. This is further
illustrated by comparing these results with the next control case based on far-field error microphones.
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Figure 7: Minimization of pressure estimates in directions (70°,0°), (90°,0°), and (110°,0°).
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Figure 8: Radiated sound power - Minimization of pressure
at error microphones in directions (70°,0°), (90°,0°), and
(110°,0°).

The third control case replaces the out-
puts of the structural acoustic sensor by
three error microphones located in the far
field. To facilitate the comparison of the
two sensing approaches, this case uses the
same control configuration as previously. In
particular, the three error microphones are
located along the same directions of pressure
estimates implemented in the previous case.
The radiated sound power estimated from
the traverse microphone measurements is
presented before and after control in Figure 8.
As for the case of pressure estimates (see Fig-
ure 7(a)), excellent global sound attenuation
is achieved near resonance of modes (1,2),
(1,3) and (2,3). Modal reduction occurs
at these frequencies therefore canceling the
sound pressure radiated over the entire field.
Similarly, the sound power near resonance
of mode (1,2)* increases as in the previous
control case based on the structural acoustic
sensor. Again, this mode has a radiation

nodal line along ¢ = 0° and thus remains unobserved by any of the three error microphones. Note that
the control spillover at this frequency is larger than in the previous control case. As a result, the total
sound radiated power across the frequency bandwidth of excitation increases by 0.7 dB. Similar behavior
can be observed near resonance of modes (1,4)* and (2,4)*. This case clearly illustrate the importance
of the control actuator and error sensor configurations. In particular, global sound attenuation for lightly
damped cylindrical radiators can only be achieved through modal reduction. As a final remark, it should
be mentioned that the controlled response based on pressure estimates in the same three directions and the
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same two control actuators exhibits very similar trends as the ones obtained with error microphones. In
particular, the structural acoustic sensor yields nearly the same response near resonance of modes (1,2) and
(1,2)* which confirms the accuracy of the pressure estimates at these frequencies.

CONCLUSIONS

Broadband radiation control from a finite cylinder has been demonstrated both analytically and experimen-
tally. The ASAC system implements a multi-channel Filtered-z LMS control algorithm. Structural control
inputs are applied through piezo-electric actuators while error information is provided by a discrete struc-
tural acoustic sensor. Results show attenuation in total radiated sound power of up to 15 dB is achieved
across a frequency bandwidth encompassing the first five flexural modes of the cylinder.

These results also validate the extension of Discrete Structural Acoustic Sensing to baffled cylindrical
geometries. In this technique, the sensor constructs real time estimates of the pressure radiated in the far
field at prescribed angles from discrete structural acceleration measurements and associated signal processing.
Sensor accuracy and comparisons of control performances based on Discrete Structural Acoustic Sensing and
the use of far-field error microphones, respectively, demonstrate the ability of the structural acoustic sensor
to replace direct far-field pressure measurements. In particular, the analytical resuits showed that minimizing
a cost function based on sensor estimates yields similar control performance to that obtained with a cost
function based on actual far-field pressure, provided accuracy is ensured for the sensor. The experimental
resuits on broadband radiation control confirms this resuit. Similar control performances are obtained for
both types of error information. Examination of the system'’s response at single frequencies within the
bandwidth of excitation also reveals the controller behaves similarly in each case. This includes frequencies
where modal restructuring is the main control mechanism which confirms the ability of the sensor to provide
accurate radiation information. :

The accuracy of the sensor estimate over a given frequency bandwidth is primarily related to the number
of structural measurements implemented in the sensor. In particular, for equally spaced measurement points,
- accuracy of the sensor estimates is ensured provided the following two conditions are satisfied. First, the
number of measurement points along the cylinder main axis should be such that the associated Nyquist wave-
number (half the spatial sampling frequency) is located on the wave-number axis above the main content
of the wave-number transform of the structural out-of-plane motion along this axis. In terms of simply-
supported mode shapes, this first requirement is satisfied if the number of measurement points along the
main axis is greater than the highest order along the same axis of the modes which dominate the response.
Second, the number of measurement points along the circumferential direction of the cylinder should be
greater than twice the order of the highest circumferential order of the modes dominating the response.
These conditions define the frequency bandwidth of accuracy for the structural acoustic sensor.

More generally, the design and impleimentation of the sensor do not require precise knowledge of the
vibration characteristics of the structure. While some knowledge of the structural velocity distributions
allows for predicting the accuracy of the pressure estimate and the appropriate discretization level, the sensor
transfer functions strictly depend on the geometry of the structure and the surrounding fluid properties.
This differs from a number of alternative structural sensing techniques whose design and implementation
is directly based on dynamic properties of the structure, such as mode shapes. In comparison, Discrete
Structural Acoustic Sensing provides a more robust error information. The modeling of the sensor transfer
functions involves simple Finite Impulse Response (FIR) filters. This type of filter is well suited to represent
the radiation of monopole and piston sources into an unbounded medium. In particular, the sensor transfer
functions do not feature resonances, which would otherwise require the use of the more complex Infinite
Impulse Response (IIR) filter model. Finally, when implemented in a far-field radiation control system, the
time delay associated with the acoustic path can be removed from the sensor transfer functions without
affecting the controller performance. This property greatly simplifies the sensor digital filters by reducing
the number of coefficients required for accurate modeling of the sensor transfer functions. The sensor DSP
implementation then becomes very efficient in terms of computations, allowing higher sampling frequencies
or the combination of the sensor and controller code on a single DSP.
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SUMMARY

In this paper, analytical and experimental results of an investigation of active control of sounvd
radiated from cylinders are presented. The aluminum cylinder is 1 m in length, 25 cm in
diameter and 2.4 mm in thickness with two rigid end-caps at both ends. The excitation is a
band-limited random noise encompassing the first five modes of the cylinder and the control
actuators are surface mounted piezoelectric transducers. Since it is desired to integrate
the error sensors into the strucfure, the recently developed Discrete Structural Acoustic
- Sensing (DSAS) approach is extended to cylindrical coordinates and implementéd using 12
accelerometers mounted on the cylinder. The structural acoustic sensor provides time domain
estimates of far-field radiated sound at predétermined radiation angles. The controller is a
3 by 3 Filtered-z LMS paradigm implemented on a TMS320C30 DSP. The results show
good global control of the radiated sound over the frequency bandwidth of excitation. Most
important, the proposed discrete structural acoustic sensor yields similar performances as
error microphones located in the far field. The sensor is also shown to improve far-field
attenuation over minimization of normal acceleration at discrete locations on the cylinder

structure. {Work supported by the Office of Naval Research]

]




1 INTRODUCTION

Much research has been conducted in the active control of low-frequency structure-borne
sound. When compared to passive methods, active control presents significant advantages in
the low-frequency range where passive control becomes often impractical due to prohibitive
volume and/or mass requirements. For the past decade, Active Structural Acoustic Control
(ASAC) has received much attention as it presents a practical alternative to the control of
low-frequency structurally radiated noise (1,2]. In this technique, the radiated sound pressure
is attenuated by applying mechanical inputs directly to the structure rather than by exciting
the surrounding medium with acoustic sources (Active Noise Control). Piezoelectric devices
have been applied extensively to Active Structural Acoustic Control systems as structural
actuators [3-5] thus yielding a compact or “smart” structure. In an attempt to further reduce
the size of the overall control arrangement, the microphones traditionally located in the far
field to provide radiation error information are also being replaced by structural sensors such
that all traﬁsdu"cers are integrated in the structure.

As most ASAC applications involve noise control below the coincidence frequency of
the radiating structure, appropriate structural sensors for ASAC should only observe the
radiating part of the structural vibrations. This gives more flexibility to the controller which
in some situations modifies the structural vibrations‘ such as to attenuate far-field radiation
with no net reduction in the overall vibration levels. Sound attenuation in the far field can
then be achieved with a reduced control authority compared to cases where all structural
motion is canceled (Active Vibration Control) [6].

With the emergence of polyvinylidene fluoride (PVDF) as a sensor material, several struc-
tural sensors for ASAC have been proposed to observe the radiating part of the structural
vibrations. Most of these sensing techniques are based on modal sensing [7]: the sensor
effectively observes a specific set of modes of vibration (natural or radiation modes of the un-
controlled response) which couples well to far-field radiation [8-11]. An accurate knowledge
of the structure’s d:;'namic properties is therefore required. Recently, an alternative sensing
technique referred to as Discrete Structural Acoustic Sensing (DSAS) was demonstrated both
analytically [12, 13] and experimentally [14,15] on baffled planar radiators. The technique

implements an array of structural point sensors whose outputs are passed through digital
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FIR filters to estimate in real time the far-field radiated pressure in a given direction, or
equivalently, a given wave-number component, over a broad frequency range. It uses the
relation between the structural out-of-plane vibrations and the far-field sound pressure as
defined by the Helmholtz integral. One of the significant advantages of this strategy lies in
its low modeling requirements cohpared to modal sensing approaches. In particular, the
sensor design does not require the knowledge of the structural mode shapes and thus remains
largely independent of the boundary conditions. Consequently, it is particularly well adapted
for feedforward control approaches commonlyb used in ASAC systems where no analytical
system modeling is necessary. It alsd provides time domain information which is required by
the Filtered-z LMS algorithm commonly used in feedforward control. This paper presents
analytical and experimental results on the extension of Discrete Structural Acoustic Sensing
to baffled cylindrical radiators. |

Most of the work on ASAC systems deals with planar geometries or systems than can
be decomposed in a set of planar' radiators and few reports of experiments on cylindrical
structures can be found in the literature. Ruckman and Fuller [16] reported numerical simu-
lations of ASAC applied to a finite cylinder system. Previous work by Clark and Fuller [17]‘
studied experimentally the harmonic control of sound radiation from a finite enclosed cylin-
der using PVDF error sensors and piezoelectric actuators. Results showed the PVDF sensor
was effective in observing the longitudinal extensional waves of the cylinder (“accordion”
modes) and thus, good sound attenuation was obtained for this type of excitation. However,
very little attenuation was achieved for radial excitations (normal bending modes) due to the
relatively high modal density of the cylinder. The present study extends the above work by
considering broadband radiation control over the first five bending modes of the structure.
After briefly introducing the theoretical formulation, analytical and experimental results are
presented. In both cases, the discrete structural acoustic sensor is first studied in terms of its
accuracy to predict radiated pressure. Broadband radiation control results are then discussed

by comparing the performances of the sensor to those of error microphones located in the far

field.




2 THEORETICAL BASIS

This section presents the analytical formulation of Discrete Structural Acoustic Sensing. A
relation between discrete structural acceleration and far-field pressure estimate is derived for

the case of baffled cylindrical geometries.

21 FAR-FIELD SOUND PRESSURE

For the general case of arbitrary geometries, the sound pressure radiated from a vibrating
structure into an unbounded medium can be expressed using the Kirchhoff-Helmholtz integral
formulation (18]. Assuming a harmonic solution for the pressure, p(r)e’*®, where w is the

angular frequency, this is expressed as

p(r) = / / s [pG(rlro)«b(ro) +p(ro)§7%(r|ro)J dS(ry), reV (1)

In the above equation, Sy denotes the radiating surface and V the surrounding volume. The
sound pressure p(r) at field point r is expressed as a surface integral involving the out-of-plane
structural acceleration, w(rp), measured at location rg on the radiating surface, the surface
pressure p(rg), the Green’s function, G(r|ry), and its normal gradient. (8G/d8ng represents the
component of the gradient of G along the unit vector n normal to Sp), and the fluid density,
p. Note that this formulation assumes the radiator has solid boundaries such that the fluid
velocity oﬁ the boundary is equal to the structural out-of-plane velocity. The‘normal pressure
gradient then becomes equal to pui(rg). Discrete Structural Acoustic Sensing is based on the

existence of a Green'’s function satisfying the Neumann boundary condition,

%%(rlro) =0, res @)

such that the radiated pressure field becomes solely dependent on the structural acceleration
and geometry.
For baffled cylindrical geometries (see Figure 1), a closed-form solution exists for the

Green’s function verifying equation (2). The radiated pressure is then expressed in the




cylindrical coordinate system (R, §, ¢) as
2r  p+L
p(R,0,9)=0p / G(R,0,¢|r = a,¢', 2Vi(¢', 2" )add’ dz’ (3)
0 J-L

The Green'’s function in equation (3) can be obtained from the radiated pressure due to a point
acceleration distribution located on an infinite cylindrical baffle. The resulting expression is

approximated in the far field as [18]

' —9k(R ~ 29 cos8)] £ 37+ cos [n(¢ — do)]
G R’e , - _exp[ J 0 4
( ,‘Ma ¢oa20) 7r2akRsin0 Z €n H(Z) kasm 0) ( )

where e, = 2forn =0 and e, = 1 for n > 0 (n integer). The function H,(;z)'(m) denotes
the first derivative of the n** Hankel function of the second kind [19]. Here n represents the
circumferential modal order. The acoustic wave-number is denoted as k = w/c where ¢ is the
speed of sound. The various coordinates and dimensions involved in equation (4) are shown

in Figure 1.

2.2 SENSOR ESTIMATE

An estimate of the radiated pressure in equation (3) is now constructed. The integral over
the radiaiing surface Sp is approximated using a Q point zero-order interpolation of the
acceleration distribution [15], i.e., the acceleta.tion is assumed constant over () small elemental
surfaces, Sq, ¢ = 1,2,...,Q, such that S = U 1Sq- The resulting pressure estimate takes

the general form

Q
pa(R,0,8,t) = Y _ i(Bq, 20, t)Hy(R, 8, 9) (5)
q=1
where (¢q, 2q) represents the coordinates of the ¢** node, and Hy(R,#8,¢), the associated

sensor transfer function. Defining S, = aAz;Ad, as the ¢** elemental surface aligned with

the axial and circumferential directions such that its center coincides with (¢q, z,), the sensor




transfer functions can be expressed as

2q+A24/2 pog+Lde/2
/ G(R, 8, 6la, bq, z)add dz (6)
¢ ‘

Hy(R,0,¢) = P/

29=D2q/2 Jpq—Dq/2

The transfer function Hy(R, 8, ¢) can be interpreted physically as the sound pressure ra-
diated at (R,8,¢) from the ¢* elemental surface vibrating along the normal to its center
(¢q,2) With a unit acceleration. In other words, the pressure estimate is constructed by
summing the radiation contribution of Q cylindrical pistons weighted by the measured accel-
eration amplitudes. It is thus referred to as the piston approximation. Assuming the Green's
function remains almost constant over each surface S, the transfer function in equation (6)
can be replaced by palAz,A¢,G(R, 0, p|a, ¢q, 24). In this case, the far-field pressure is esti-
mated from the contribution of @ monopole sources (monopole approximation). As expected,
both approximations become equivalent as k max(Azq, Ady) < 1.

It §hould be stressed that the sensor transfer functions solely depend on the geometry of
the problem and the properties of the fluid medium. No accurate knowledge of the structure’s
dynamics (e.g., natural mode shapes) is thus required for their design. Note however that
some information is still needed in order to determine an appropriate discretization level for
accurate estimates. Furthermore, the sensing approach can be extended to geometries for
which no Green’s function is available analytically. The far-field pressure radiated from each
elemental surface vibrating independently on the structure’s boundary must then be solved

numerically using a technique such as the Boundary Element Method {20].

3 PRACTICAL IMPLEMENTATION

This section briefly recalls some of the important issues associated with the practical imple-
mentation of Discrete Structural Acoustic Sensing. The pressure estimate presented in the
previous section is implemented on a real system using a set of accelerometers mounted on
the structure and arrays of digital filters. More precisely, each measured acceleration signal
is passed through a digital filter modeling the associated sensor transfer function. All filter

outputs are then summed to provide the sound pressure estimate. Several arrays of filters




can be implemented in order to provide pressure estimates at different locations. This ar-
rangement is shown in Figure 2. along with a schematic of the controller based on the three
channel Filtered-z LMS algorithm. |

As explained above, each transfer function represents the far-field radiation into an un-
bounded medium from a cylindrical piston source (or monopole) with unit acceleration and
located on a cylindrical baffle. The associated characteristics directly motivate the use of
Finite Impulse Response (FIR) filters to model the sensor transfer functions. In particular,
no resonance behavior occurs due to the assumption of an unbounded medium at infinity and
notches in the transfer functions magnitude associated with zero pressure angles are easily
modeled by appropriate zeros in the filter’s impulse response.

Another important issue is related to the time delay of the sensor transfer functions, which
is directly related to the acoustic path propagation time, R/c. As the pressure estimate is
only valid in the far field, th_is delay can become significant compared to the sampling period
of the digita.l. filter, thus increasing its complexity. The authors have shown in previous work
however that error signals based on far-field pressure at a given location can be shifted in time
without loss of performance of the control system (the time shift is equivalent to moving the
minimization point along a constant radiation angle) [15]. Removing the above time delay
yields transfer functions with a minimum phase delay which significantly reduces the number

of FIR filter coefficients required for accurate modeling.

4 SYSTEM CHARACTERISTICS AND EXPERIMENTAL SETUP

Testing of the structural acoustic sensor described above was performed on a finite alu-
minum cylinder. This section presents the main characteristics of the system, the control
and measurement setups implemented in the experiments as well as the numerical model of

the structure.




4.1 SYSTEM CHARACTERISTICS

Due to a limited number of accelerometers available for igplementing Discrete Structural
Acoustic Sensing, the choice of the cylinder’s dimensions and material was made such that
the first few flexural modes of the structure have low modal order in both the axial and
circumferential directions. The cylinder characteristics are given in Table 1. The dimensions
were measured on the actual structure while the material properties are based on standard
values for aluminum. In order to allow structural vibration measurements over the entire
surface of the cylinder as well as acoustic measurements over the sphere sﬁrrounding the
structure, the cylinder’s attachment to its support stand is designed to allow full rotation
along its main axis. The cylinder is closed at both ends by aluminum end-caps 12.7 mm in
thickness. Each end-cap is attached to the cylinder with a set of 12 small screws equally
spaced along the circumference. A steel rod 3.18 mm in diameter is threaded into each end-
cap and mounted on a nylon ring. The ring is fixed in a 19.1 mm aluminum section which
is bolted to a heavy steel suppoft stand. To allow acoustic measurements of the baffled
structure, two sections o'f “rigid” PVC pipe are installed on each side of the cylinder along
its main axis. ’The two pipes extend in length up to the walls of the anechoic chamber. A
picture of the ;:omplete rig including the baffle is shown in Figure 3.

All structural vibration inputs, i.e., both disturbance and control inputs, are applied
through single-sided piezoelectric actuators. No curved actuators were available for the ex-
perimental testing and flat actuators. [21] were mounted on the cylinder by cutting them
across their width into a set of eight strips of same dimensions. The original actuators are
63.5 mm in length and 38.1 mm in width, which results in eight 7.9 mm by 38.1 mm strips.
They are mounted on the cylinder’s outside surface side by side with their length along the
cylinder’s axis and wired“in phase. A gap of approximately 1 mm remains between each
actuator strip to avoid short circuits between the electrodes of two adjacent actuators. The
total surface area covered by the set of eight actuators is 69.9 mm by 38.1 mm. Table 1
presents the dimensions and material properties of the piezoelectric actuators. Four sets
of the actuator arrangement described above are mounted on the cylinder accbrding to the
center locations given in Table 2. The disturbance actuator center location serves as the

origin of the circumferential direction, ¢ = 0°. Its axial location, z/L = -0.328, ensures
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that all flexural modes present in the 0-1000 Hz bandwidth are excited. The three other
actuator sets are implemented as control inputs. Their location was determined in order to
allow various control test configurations of interest.

The discrete structural acoustic sensor implemented on the cylinder uses 12 accelerometers
(PCB Piezo-electric ICP accelerometers - Model 352A10). The point sensors are arranged as

2 rings of 6 accelerometers equally spaced according to

¢Q1 = QIA¢y q = 0, L... 7Q¢ -1, A¢ = 277./Q¢ (7)

zq2=—L+AZ/2+Q2AZ, (12=0,1,---,sz'1, AZ=2L/Q;

where Q; = 2 and Q¢ = 6 are the number of points along the axial and circumferential di-
rection, respectively. Note that the accelerometers are aligned with thé disturbance actuator
such that the modes excited by the disturbance input have anti-nodes along the circumfer-
ential directions aligned with the point sensor locations. As it will be discussed later, the
sensor accuracy is independent of the point sensor circumferential locations when the number
of sensors along the circumferential direction is greater than the highest circumferential order
of the modes present in the bandwidth. When this condition is not satisfied however, care
must be taken so that the point sensors do not coincide with the nodal lines of a given mode
(mode n = 3 in this case). Furthermore, placing the sensors on anti-nodal lines ensures better

signal to noise ratio thus improving the accuracy of the sensor estimate.

'~ 42 CONTROL AND MEASUREMENT SETUPS

For all experimental testing, the cylinder is excited through the disturbance actuator with
a band-limited random noise. The sensor accuracy tests are performed over a 200-630 Hz
bandwidth while the control tests use a 200-500 Hz bandwidth. The reduced bandwidth
associated with the control tests ensures that the 2 by 6 sensor (i.e., 12 accelerometers total)
yields relatively accurate estimates over the frequency range. A three channel Filtered-z LMS
algorithm [22] is implemented on a Texas Instrument TMS320C30 digital signal processor
(DSP) to provide up to three control signals (see Figure 2). The results presented in this

paper are limited to cases where only the first and second control actuators were excited (see
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Table 2). The cohtroller’s reference signal is taken from the signal fed to the disturbance
actuator. Most of the control tests include an artificial delay of 20 samples in the disturbance
path so as to improve system causality. A few cases were also run with a zero delay in order
to evaluate the influence of system causality on the control performance. All control tests use
the following settings: the sampling frequency is set to Fy = 2000 Hz, the FIR compensators
have 50 coefficients, and the IIR filters modeling the filtered-z path transfer functions have 60
coefficients in both numerator and denominator. All tests use three error signals based on the
structural acoustic sensor and far-field error microphones (B&K 1/2 in microphone, Model
4166), respectively. The sensor’s array of filters is implemented on a second TMS320C30
digital DSP. Note that both controller a.nd sensing code could be implemented on a single DSP
if desired. Three error microphones are also located along § = 705, g = 90°, and @ = 110°,
in the ¢ = 0° plane at R = 1.85 m while several sets of FIR filters were designed to provide
pressure estimates for various radiation angles. All sensor FIR filters have 22 coefficients with
a sampling frequency, F, = 6000 Hz. The sensor transfer functions are accurately modeled
up to about 2500 Hz. This wide bandwidth relative to the actual bandwidth of excitation
was found necessary in order to ensure stability for the control system. Cases where the
response of the sensor filters is not constrained at higher frequencies can lead to unwanted
amplification of high frequency content remaining in the system due to the finite roll-offs of
the low-pass filters.

All tests were conducted in a 4.2 m by 2.2 m by 4.5 m anechoic ‘chamb'er at the Vibration
and Acoustics Laboratories (VAL), Virginia Tech. The chamber has an approximate cut-off
/frequency of 250 Hz. Out-of-plane structural vibrations are measured with a Politec laser
vibrometer (Model OFV-2600/0OFV-501). To allow measurements over the entire radiating
surface, the laser head is mounted on a one-dimensional linear traverse driven by a stepper
motor while a second stepper motor mounted on the end-cap assembly rotates the cylinder
around its main axis. The structural velocity measurements use a grid of 13 points along
the axial direction and 18 point along the circumferential direction. The measurement point
locations are defined by equation (7) with N, = 13 and Ny = 18. This discretization level
proved to be sufficient to accurately measure the structural response over the frequency

bandwidth of excitation. The sound pressure radiated from the cylinder is measured inside
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the anechoic chamber with a B&K 1/2 in rnicrophone‘ (Model 4166) mounted on a circular
traverse. The traverse microphone is located at a radius of 1.85 m from the center of the
cylinder. Due to the legs of the support stand, the traverse can only move in the z-z plane
from 6 = 10° to = 170°. The rotation of the cylinder also allows measurements along the
circumferential direction from ¢ = 0° to ¢ = 360°. All far-field measurements use a grid of
Ny = 13 points along the azimuthal direction, 8, and Ny = 18 points along the circumferential

direction, ¢.

4.3 NUMERICAL SIMULATIONS
In order to study various sensor configurations, numerical simulations were performed prior
to the experiments described above. The cylinder structure is modeled under steady-state
harmonic excitation of point forces and piezoelectric actuators with a variational approach
implementing the Rayleigh-Ritz formulation [15]. In this model, the mechanical displace-
ments and electrical fields within the piezoelectric actuators are fully coupled thus including
the mass and stiffness loading of the actuators. This energy based formulation also allows
modeling of arbitrary boundary conditions applied along the edges of the cylinder. To this
purpose, the model includes translational and rotational springs along the axial, circumferen-
tial, and radial directions. The stiffness factor of each spring can then be adjusted to model
arbitrary conditions. The reader is referred to {15] for a complete description of the model.
The optimal control voltage to each actuator is computed using standard Linear Quadratic
Opﬁmal Control theory [2], where the cost function to be minimized is a quadratic function
" of the control voltage amplitudes. |

Table 3 presents the natural frequencies of the first few modes of the cylinder as obtained
from the numerical model 4and experimental modal analysis of the test structure, respectively.
Examination of the associated mode shapes reveals the structure’s attachment creates approx-
imately simply-supported boundary conditions where the first modal index, m, is associated
with the axial direction, and the second index, n, with the circuﬁlferential direction. Note
that each mode of vibration is associated with two distinct natural frequencies and mode
shapes (i.e., cos(nf) and sin(nf) angular variation) rotated along the circumferential direc-

tion by 7/(2n) relative to one another. This behavior is expected due to the asymmetry
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introduced by the added mass and stiffness of the piezoelectric actuators. Disregarding the
mismatch of mode (1,1), good agreement between numerical and experimental natural fre-
quencies can be observed. Including the circumferential dependence of the stiffness factors
used to model the boundary coﬁditions would possibly improve the match especially for the

(1,1) “beam” mode.

5 SENSOR ACCURACY

This section successively presents analytical and experimental results showing the accuracy of
the structural acoustic sensor. The sensor estimate is compared to the actual sound pressure

radiated in the far field over the 200-680 Hz bandwidth.

5.1 ANALYTICAL RESULTS

Figure 4 shows ihe magnitude of the ‘far-ﬁeld radiated pressure in direction (8, ¢) = (70°,240°)
(solid line) along with the sensor estimate based on the piston approximation and two different
point sensor configurations. Both results were calculated using the analytical model of the
cylinder and its associated radiation field which are described in detail in Reference [15]. The
“actual” pressure corresponds to the full analytical prediction while the sensor estimate is
the far-field pressure estimated using tl‘le analytical model in conjunction with the structural
acoustic sensor theory of Section 2.2 . The dashed line corresponds to a 8 by 7 sensor, i.e.,
the acceleration measurement points are located according to equation (7) with Q. = 8 and
Q¢ = 7, and the dotted line to a 2 by 12 sensor. Recalling the natural frequencies given in
Table 3, the resonance peaks correspond, as frequeﬁcy increases, to modes (1,2), (1,3), (2,3),
(1,4), (1,1) and (2,4) where the first and second index refers to the axial and circumferential
order, respectively. Note the unusual characteristics of cylinders for which the fundamental
mode (1, 1) is not associated with the lowest resonance frequency [18]. As seen on the plot, the
8 by 7 sensor yields excellent accuracy at the resonance frequency of all modes included in the
bandwidth except for modes (1,4) and (2, 4) where large errors can be observed. Considering

the 2 by 12 sensor, excellent accuracy is obtained at the resonance frequency of all modes
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except for a small error near resonance of modes (2, 3) and (2,4). These results illustrate two
fundamental properties of the sensor estimate for cylindrical geometries as outlined below.
Analogous to the case of planar radiators, the far-field radiated pressure in equation (3)
can be expressed in terms of the two-dimensional wave-number transform of the structural
out-of-plane acceleration (15]. The wave-number transform along the circumferential direc-
tion maps a periodic spatial distribution with period 27 into twd sets of wave-number compo-
" nents (or Fourier coefficients) defined over a discrete set of wave-numbers, n =0, 1,... , +00,
while the transform along the axial direction maps a finite length axial distribution into a
wave-number distribution extending from —oco to +00. Now considering a sensor based on
the monopole approximation and a set of equally spaced measurement points, the resulting

estimate can be expressed in terms of the associated discrete wave-number transforms as [15]

(R0,4) = -2 §3 o ; 55 n(k cos 8) sin(ng) }
pa(R,0,0) = — . ; WG . (k cos 8) cos(ng) + wj ,(k cos 8) sin(ng
rERsing 2=t 7 (kasino){ dn(k cos 8) cos(ng) + g
(8)
where
= Qs—-1 = -
65,(7) = 22T oty ha(dev) cos(ngy,) ] Q!
e Y end Ba(6,) = Bz Y Bl 7)o
= -1 = ' .
D301 = AL T2 Balder,7)sin(ngy,) 7=0 .
9

“Note that the actual radiated ;;ressuré is obtained by replacing 11-35’“(7) and zﬁfm (7) in equa-

tion (8) by their continuous equivalent

1f’ﬁ(;ﬂ = ;;1',; j: 02” W(¢, z) cos(ng)e* do dz (10)
wi(y) = ;,%',; j:: 02”tli(qb,z)sin(nqb)eJ'Vz d¢ dz

The pressure radiated in the far field at a particular angle is associated with a single axial
wave-number component, kcos(6), within the supersonic region, [—k,+k}, and an infinite
number of circumferential wave-numbers, n = 0,1,... ,+o0. In practice, the infinite summa-

tion can be truncated based on the highest order of the circumferential modes included in
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the response and the range of the non-dimensional parameter, ka, as the magnitude of the
Hankel derivative tends towards infinity as n increases.

From equation (9), the accuracy of the sensor estimate is dictated by the levels of aliasing
occurring in the axial and circumferential discrete wave-number transforms. The number of
point measurements along the axial direction, Q;, should be such that the Nyquist axial wave-
number, K;/2 = Q,7/(2L), remains above the main axial wave-number components of the
acceleration distribution. Likewise, the circumferential Nyquist wave-number, K,/2 = Q4/2,
should be greater than the highest circumferential order of the modes found in the struc-
tural response. This requirement is a direct consequence of the sampling theorem commonly
applied to the sampling of time domain signals. It should be pointed out that unlike the
axial wave-number transform which extends up to infinity regardless of the spatial distri-
bution due to the finite cylinder length, the circumferential wave-number transform only
‘contains the components associated with modes found in the distribution. Therefore, while
the axial discrete wave-number trénsform always result in some level of aliasing, the discrete
circumferential wave-number transform will yield no aliasing, i.e., perfect estimates, pro-
vided all components above the Nyquist wave-number have zero amplitude. In addition, all
or part of the wave-number components associated with circumferential wave-numbers above
the Nyquist wave-number will yield large errors due to the periodicity of the discrete wave-
number transform. Thus, the Nyquist circumferential wave-number should be high enough
such that errors associated with higher wave-numbers are canceled by the large magnitude of
the Hankel derivative term. Finally, it can be shown that the circumferential wave-number
component estimate is independent of the origin of the point sensors locations along ¢ pro-
vided the number of measurement points satisfies the sampling theorem along this direction.
Note that similar trends éfe expected for the piston approximétion.

Returning to Figure 4, the axial wave-number transform on resonance features a main
peak around v = mn/(2L) where m is the axial modal index. Consequently, the number of
measurement points a.iong the axial direction should be greater than the modal index of the
mode dominating the response, i.e., Q; > m. Similarly, the number of point measurements
along the circumferential direction should be greater than twice the modal index of the asso-

ciated mode, i.e., Q4 > 2n. Cases where at least one of the above conditions is not satisfied
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yield aliasing errors as shown in Figure 4. At off-resonance frequencies, the response includes
higher order modes which reduce the accuracy of the estimate. Note that the discretization
level is the critical parameter affecting the sensor estimate. In other words, good sensor
accuracy is ensured over the entire radiating field as long as the number of measurement
points is high enough relative to the dominant modes of the resporse. Finally, it should be
mentioned that the above results assume perfect modeling of the sensor transfer functions.
Howeyer, due to the relative simple characteristics of the sensor transfer functions, excellent
modeling accuracy can be achieved with only a few FIR coefficients (15]. Other analytical
results, not presented here for brevity, also confirm that Discrete Structural Acoustic Sensing

will provide good estimates of radiated pressure as long as no significant aliasing occurs.

5.2 EXPERIMENTAL RESULTS

This section briefly presents the accuracy of the 2 by 6 sensor which is implemented ex-
perimentally on the cylinder. The cylinder is excited through the disturbance piezoelectric
actuator with a band-limited random noise over 200-630 Hz. As true far-field conditions do
not exist in the anechoic chamber especially at low frequencies due its limited size relative
to the dimensions of the cylinder and the acoustic wave-length within the frequency band-
width of excitation, the pressure radiated in the far field is “reconstructed” from the laser
measurements of the cylinder out-of-plane velocity. Analogous to the reall time pressure es-
timate implemented in the sensor, the 'pressure field is computed off-line from the structural
laser measurements and the associated Green’s function replacing the continuous integral in
equation (3) by its discrete approximation [15]. However in this case, the discretization level
is much higher with a grid of 13 by 18 measurement points (see Section 4.2 ) thus ensuring
a high fidelity in the predicted far-field sound pressure. The magnitude of the reconstructed
pressure at an angle (6, ¢) = (76.8°,0°) is compared to the associate sensor estimate in Fig-
ure 5. Recalling the system’s natural frequencies presented in Table 3, five flexural modes
have their natural frequencies within the 200-630 Hz bandwidth. With increasing frequency,
the five main resonance peaks noticed on the plot correspond to modes (1,2), (1,3), (2,3),
(1,4), and (2,4), respectively. Notice that the response also exhibits small contribution from

“double” modes (1,2)*, (2,3)*, and (2, 4)*.
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Examining the sensor output (dotted line), the pressure estimate shows good accuracy
around the resonance frequency of the (1,2) mode. A small variation of about 2 dB is observed
at the resonance frequency of mode (1,3). The reconstructed pressure is also relatively
well estimated at off-resonance frequencies around the (1,2) mode. The sensor accuracy
then deteriorates as the frequency increases. A 6 dB variation between reconstructed and
estimated pressure is noticed at the resonance frequency of mode (2, 3) while the estimated
pressure at the resonance frequencies of the last two modes in the bandwidth (modes (1,4)
and (2,4)) is off by more than 20 dB. |

The above tendencies confirm the analytical results discussed in the previous section
and agree well with the properties of the sensor estimate. As mentioned earlier, @, = 2
measurement points along the axial direction yield good estimates for modes of axial order
1 or less. In the circumferential direction, Q4 = 6 measurement points ensure accurate
estimates of modes up to n = 2. That is to say, spatial distributions that are dominated
by modes with axial and circumferential order larger than one and two, respectively, do not
yield accurate pressure estimates. Increasihg the number of point structural sensors would

in turn increase the accuracy of the sensor prediction for these higher order modes.

6 RADIATION CONTROL

The following two sections discuss the analytical and experimental control results. In both
cases, the cylinder is under broadband excitation through the disturbance actuator. In order
to evaluate the performance of the structural acoustic sensor, results are presented which
compare its control performances to those obtained with error microphones located in the
far field. Note that the following analysis focuses on the influence of the “error” information
on the control performances. In particular, the system ié not optimized in terms of control
input and/or error measurement locations to achieve the best possible attenuation in radiated

power over the frequency bandwidth of excitation.
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6.1 ANALYTICAL RESULTS

This section presents three control cases calculated using the analytical model. The first
two cases are based on the minimization of the estimated and aétual radiated pressure in
directions (6, ¢) = (70°,0°), (110°,40°), (90°,160°), (70°,240°), and (110°,320°). These five
radiation angles were chosen such as to obtain good global sound attenuation, i.e., none of the
modes included in the frequency bandwidth have radiation nodal lines along all five angles. A
third control case involves the direct minimization of the out-of-plane acceleration measured
at the point structural sensor locations corresponding to the Active Vibration Control case
. for this system. Note that for the AVC case, the number of error signals then equals the
number of accelerometers implemented in the sensor, i.e.; 12, while the ASAC cases use five
error signals corresponding to the directions of pressure Vestimates. All three cases use the
same confrol input configuration: the actuators locations are those given in Table 2 except
for the circumferential angle of the third control actuator which was set to ¢ = 225°. All
three control actuators are implerﬁented as control inputs in the following results. Note that
this configuration yields an over-determined system such that the optimal control amplitudes
are solved in the least square sense. The cost function thus does not include the control effort
usually required to condition the solution of under-determined systems [22].

Figure 6 shows the calculgted radiated sound power before control (solid line) and-after
control based on the three cost functions. The dashed line corresponds to the minimization
of the five pressure estimates using a-3 by 9 structural acoustic sensor (Q. = 3, Qs =9),
the dotted line corresponds to the minimization of the actual radiated pressure in the same
directions, and the dashed-dotted line corresponds to the minimization of the out-of-plane
acceleration at the point sensor locations (see equation (7)).

As seen on the controlled response, the first two sensing approaches (dashed and dotted
lines) yield very close control performances. The radiated sound power is attenuated over
the entire bandwidth with .very small control spillover. The total attenuation across the
bandwidth is 20.2 dB for the structural acoustic sensor and 19.4 dB for the error microphones.
These results are éxpected since the discretization level of the sensor ensures reduced aliasing
errors for acceleration distributions including‘ modes with axial and circumferential orders

up to 2 and 4, respectively. In other words, all modes included in the bandwidth yield
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accurate pressure‘estimates. Note that minimizing the actual radiated pressure yields a
slight decrease in overall sound attenuation thus suggesting the small errors introduced in
the pressure estimates result in a slightly more global error information. These results show
that the structural acoustic sensor implemented in this case can effectively replace the error
microphones. Comparatively, a reduced number of acceleration measurement points would
increase aliasing errors in the sensor estimate and in turn reduce the global sound attenuation
levels. |

The third cost function associated with the minimization of the discrete acceleration over
27 points (dashed-dotted line) does not perform as well as the two pre\}ious cost functions
based on radiation information. While similar levels of attenuation are achieved at on-
resonance frequencies (except near resonance of thé (1,1) mode), the control performance
significantly deteriorates at off-resonance frequencies. This behavior suggests that some level
of modal restructuring occurs off-resonance when minimizing radiation information. In this
case, the controller achieves attenuétion in the far field by combining several structural modes
that are present in the uncontrolled response. The overall vibration levels do not necessarily
decrease in this case. At on-resonance frequencies, a single mode dominates the structural
response and radiation control is then achieved through modal reduction. To further illustrate
these results, the overall attenuation levels of mean-square velocity and sound radiated power
are presented in Table 4 for the three cost functions. Again, the first two cost functions
based on radiation information perform almost identically. The third cost function based on
structural information increases the overall attenuation level in mean-square velocity by more
than 10 dB. However, the attenuation in sound radiated power decreases by about 8 dB.
In other words, niinimizing the structural vibrations yields, in this case, decreased control
performances in terms of radiated sound attenuation when compared to the use of structural
acoustic sensing or error microphones. ‘

It should be mentioned that the above results are based on an optimal control solution
in the frequency domain which presents a number of limitations when used to predict the
performance of a real time domain control system under broadband frequency disturbances.
Specifically, the optimal control transfer fux_lctions are not constrained to yield realizable FIR

filters. This often leads to over-estimating the controller performance and, in some cases, ‘
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to control spillover not observed experimentaﬂy due to the finite number of coefficients in
the control compensator among other factors. Consequently, the analytical results presented
above do not accurately model the performance of the control system investigated experimen-
tally. However, they still provide insight into the contfol performance of Discrete Structural
Acoustic Sensing compared to other sensing approaches and also indicate the maximum

achievable performance.

6.2 EXPERIMENTAL RESULTS

This section discusses some of the control results obtained experimentaklly on the system
described previously. The first two cases use the 2 by 6 structural acoustic sensor to provide
error signals associated with pressure estimates in three directions. A third case uses three
error microphones Iocatéd along the same directions for comparison purpose. All three cases
use the first two control actuators, leaving the third actuator unexcited. The radiated sound
power presented below is estimated from the multiple traverse microphone measurements
over the sphere surrounding the cylinder.

The first control case corresponds to the minimization of the three sensor outputs associ-
ated with pressure estimates in directions (8, ¢) = (76.8°,340°), (63.5°,0°), and (103.2°,0°),
respectively. Figure 7 shows the radiated sound power before and after control. The dashed
line corresponds to the standard cdnﬁguration where a 20 sample delay is included in the dis-
turbance path. The dotted line corresponds to an additional case based on the same control
and error configuration with no delay included in the disturbance path. In both cases, the
radiated sound power is attenuated by 20 dB or more near all resonance frequencies of the
uncontrolled response. Small increases in sound power can be observed at off-resonance fre- -
quencies for both cases. Note that the dotted line associated with a possible acausal system
does not show significant loss in performance compared to the dashed line. In other words,
system causality does not appear to be a critical factor in this case. Due to the small levels
of damping present in the system, the response is largely dominated by the five resonance
frequencies of the modes included in the bandwidth. It is therefore highly predictable allow-
ing control regardless of the system’s causality. The total reduction level in radiated sound

power achieved across the frequency bandwidth of excitation is 15.4 dB with the 20 sample
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delay and 15.0 dB with no delay. Note that the three directions of minimization ensure good
global control, i.e., no spillover is observed on the radiated sound power of the controlled
response. In other words, the controller is forced to attenuate the amplitude of all modes
in order to minimize all three e;'ror signals. Modal reduction is therefore the main control
mechanism involved in this case.

The second éontrol case based on the structural acoustic sensor uses three pressure esti-
mates in directions (70°,0°), (90°,0°), and (‘110°, 0°). These three directions of minimization
correspond to the locations of the error microphones implemented in the next control case.
Figure 8 shows the radiated sound power before and after control. Excellent attenuation
levels can be observed near resonance of modes (1,2), (1, 3), (2,3) and (2,4) while significant
control spillover is noticed near resonance of modes (1,2)* and (1,4)*. The total attenuation
in radiated sound power is 5.9 dB. In this case, all directions of minimization are in the
¢ = 0° plane which coincides with radiation nodal line of modes (1,2)*, (1,4)* and (2,4)*. In
other words these modes are not well observed by the three error signals. This explains the
increase in radiated sound power noticed near resonance of mode (1,2)* and (1,4)*: rather
than canceling the associated modal amplitudes, the controller recombines the modal ampli-
tudes of the “doubie” modes and rotates the acceleration distribution such that the resulting
nodal lines are aligned with the minimization angles. This modal restructuring mechanism
is illustrated in Figure 9 where the out-of-plane velocity distribution measured by the laser
vibrometer is shown before and after control at 541 Hz, i.e., near resonance of mode (1,4).
The acceleration distribution after control is clearly rotated. Note that modal restructuring
does not occur near resonance of mode (1,3) and (2,3). The first two control actuators
are aligned with the anti-nodal lines of the associated “double” modes (1,3)* and (2,3)*
therefore preventing their excitation. It should be pointed out that the previous case does
not allow the above modal restructuring as the error signals do nét correspond to pressure
estimates along circumferential angles multiple of 45°, i.e., one error signal at least observes
the “double” modes thereby forcing the controller to reduce the associated vibrations. These
results therefore confirm the relatively good accuracy of the structural acoustic sehsor im-
plemented on the cylinder. Despite the small level of discretization (Q, = 2, Q¢ = 6) which

only provides accurate estimates near resonance of mode (1,2), the sensor still yields error
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information somewhat related to the radiated sound pressure at higher frequencies. This is
further illustrated by comparing these results with the next control case based on far-field
error microphones.

The third control case replaces the outputs of the structural acoustic sensor by three
error microphones located in the far ﬁeld.‘ To facilitate the comparison of the two sensing ap-
proaches, this case uses the same control configuration as previously. In particular, the three
error microphones are located along the same directions of pressure estimates implemented
in the previous case. The radiated sound power es-tirnated from the traverse microphone
measurements is presented before and after control in Figure 10. As for the case of pressure
estimates using Discrete Structural Acoustic Sensing (see Figure 8), excellent global sound
attenuation is achieved near resonance of modes (1,2), (1,3) and (2,3). Modal reduction
occurs at these frequencies therefore canceling the sound pressure radiated over the entire
field. Similarly, the sound power near resonance of mode (1,2)* increases as in the previous
control case based on the structuré.l acoustic sensor. Again, this mode has a radiation nodal
line along ¢ = 0° and» thus remains unobserved by any of the three error microphones. Note
that the control spillover at this frequency is larger than in the previous control case. As a
result, the total sound radiated power across the frequency bandwidth of excitation increases
by 0.7 dB. Similar behavior can be observed near fesonance of modes (1,4)* and (2, 4)*. This
case clearly illustrate the importance of the control actuator and error sensor configurations.
In particular, global sound attenuation for lightly damp‘ed cylindrical radiators can only be
achieved through modal reduction. As a final remark, it should be mentioned that the con-
trolled response based on pressure estimates in the same three directions and the same two
control actuators exhibits very similar trends as the ones obtained with error microphones.
In particular, the structural acoustic sensor yields nearly the same response near resonance
of modes (1,2) and (1,2)* which confirms the accuracy of the pressure estimates at these

frequencies.
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7 CONCLUSIONS

Broadband radiation control from a finite cylinder has been demonstrated both analytically
and experimentrally. The ASAC system implements a multi-channel Filtered-z LMS control
algorithm. Structural control inputs are applied through piezoelectric actuators while error
information is provided by a discrete structural acoustic sensor. Results show attenuation
in total radiated sound power of up to 15 dB is achieved across a frequency bandwidth
encompassing the first five ﬁexufal modes of the cylinder.

These results also validate the extension of Discrete Structural Acoustic Sensing to baf-
fled cylindrical geometries. In this technique, the sensor constructs real time estimates of
the pressure radiated in the far field at prescribed angles from discrete structural acceler-
ation measurements and associated signal processing. Sensor accuracy and comparisons of
control performances based on Discrete Structural Acoustic Sensing and the use of far-field
errbr microphones, respectively, demonstrate the ability of the structural acoustic sensor to
replace direct far-field pressure measuremeﬁts. In particular, the analytical results show that
minimizing a cost function based on sensor estimates yields similar control performance to
that obtained with a cost function based on actual far-field pressure, provided accuracy is
ensured for the sensor. The experimental results on broadband radiation control confirm this
result. Similar- control performances are obtained for both types of error information. Ex-
amination of the system’s response at single frequencies within the bandwidth of excitation
also reveals the controller behaves sin\xilarly in each case. This includes frequencies whére
modal restructuring is the main control mechanism which confirms the ability of the sensor
to provide accurate radiation information.

The accuracy of the sensor estimate over a given frequency bandwidth is primarily related
to the number of structural measurements implemented in the sensor. In particular, for
equally spaced measurement points, accuracy of the sensor estimates is ensured provided
the following two conditions are satisfied. First, the number of measurement points along
the cylinder main axis should be such that the associated Nyquist wave-number (half the -
spatial sampling frequency) is located on the wave-number axis above the main content
of the wave-number transform of the structural out-of-plane motion along this axis. In

terms of simply-supported mode shapes, this first requirement is satisfied if the number of
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measurement points along the main axis is greater than the highest order along the same
axis of the modes which dominate the response. Second, the number of measurement points
along the circumferential direction of the cylinder should be greater than twice the order of
the highest circumferential order of the modes dominating the response. These conditions
define the frequency bandwidth of accuracy for the structural acoustic sensor.

More generally, the design and implementation of the sensor do not require precise knowl-
edge of the vibration characteristics of the structure. While some knowledge of the structural
velocity distributions allows for predicting the accuracy of the pressure estimate and pre-
determining the appropriate discretization level, the sensor transfer functions strictly depend
on the geometry of the structure and the surrounding fluid properties. This differs from a
number of alternative structural sensing technidues whose design and implementation are
directly based on dynamic properties of the structure, such as mode shapes. In comparison,
Discrete Structural Acoustic Sensing provides a more robust error information. The modeling
of the sensor transfer functions in;rolves simple Finite Impulse Response (FIR) filters. This
type of filter is well suited to represent the radiation of monopole and piston sources into an
unbounded medium. In particular, the sensor transfer functions do not feature resonances,
which would otherwise require the use of the more complex Infinite Impulse Response (IIR)
filter model. Finally, when implemented in a far-field radiation control system, the time delay
associated with the acoustic path can be removed from the sensor transfer functions without
affecting the controller performance. This property greatly simplifies the sensor digital filters
by reducing the number of coefficients required for accurate modeling of the sensor transfer
functions. The sensor DSP implementation then becomes very efficient in terms of compu-
tations, allowing higher sampling frequencies or the combination of the sensor and controller

code on a single DSP.
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| Parameter Cylinder | Actuators
length (mm) 987 38.1
outside diameter / width (mm) 254 69.9
thickness, (mm) 2.36 0.1905
Young’s modulus, (N/m?) 7.1 x 107 | 6.1 x 10©
Poisson ratio, 0.31 0.33
mass density, (kg/m?) 2700 7750
d3; constant (m/V) - 171 x 10712
hysteretic damping factor, 0.002 0

Table 1: Dimensions and material properties of the cylinder and piezoelectric actuators.
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Actuator z/L | ¢ (degrees)

disturbance PZT | -0.328 0
control PZT # 1 | 0.370 180
control PZT # 2 | 0.220 60

control PZT # 2 | -0.395 250

Table 2: Actuators center location.
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mode | modeled | measured
(m,n) | (Hz) (Hz)
(1,2) 240.8 241.2
(1,2)* 241.0 244.2
(1,3) 304.9 302.9
(1,3)* | 305.5 303.1
(2,3) 498.8 497.0
(2,3)* | 499.2 500.3
(1,4) 547.6 540.6
(1,4)* 547.8 541.1
(1,1) 565.3 708.0
(1,1)* | 565.5 -
(2,4) 609.1 601.7
(2,4)* | 609.2 604.6

Table 3: Comparison of the numerical and experimental natural frequencies.
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Control case Attenuation (dB)

Mean-square velocity | Sound radiated power |
3 by 9 structural acoustic sensor 8.1 ' 20.2
error microphones 8.3 : 194
3 by 9 accelerometer array 20.7 12.4

Table 4: Calculated total attenuation levels over the frequency bandwidth of excitation.
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IMPLEMENTATION OF FAST RECURSIVE ESTIMATION TECHNIQUES
FOR ACTIVE CONTROL OF STRUCTURAL SOUND RADIATION

M. J. Bronzel, C. R. Fuller

Vibration and Acoustics Laboratories, Virginia Polytechnic Institute and State University
Blacksburg, VA 24061-0238, USA

INTRODUCTION

Recently, much research has been conducted in the area of active control of sound radiated from a
vibrating structure. The minimization of the radiated sound can be accomplished using different
approaches. Active Structural Acoustic Control (ASAC) changes the radiation characteristics of
the vibrating structure by applying forces or moments directly to the structure. In contrast, Active
Noise Control (ANC) involves additional noise sources usually by means of loudspeakers to
superimpose a secondary sound field which attenuates the primary noise. The effectiveness of
ASAC techniques has successfully been reported by Fuller using point actuators [1]. More
recently, Smith [2] has demonstrated the potential attenuation of broadband sound radiation from
a simply supported plate by means of piezoelectric actuators directly mounted on the vibrating
structure. ASAC effectively reduces the control effort needed to minimize the sound radiation by
forcing the structure to vibrate in non-volumetric modes which are inefficient radiators [3].

Structural time domain wavenumber sensing has successfully been demonstrated by Maillard and
Fuller [4, 5]. They have developed a technique to estimate the sound radiated in the farfield using
time domain structural wavenumber sensors based on out-of-plane acceleration signals measured
directly on the structure. This eliminates the need of microphones in the farfield to obtain error
signals needed to optimize the impulse response of a feedforward adaptive controller.

The implementation of an Active Noise Control System for controlling the sound radiation
from a vibrating structure requires the selection of suitable reference signals. Causality and
coherence considerations have to be taken into account with respect to the reference signal
filtered through a representation of the control and error path. This filtering is inevitable to
feedforward control implementations based on adaptive filtering. Sensing of the reference signals
from the vibrating structure is inevitable for real applications since in most cases the original
disturbance signal is either unknown or cannot be measured directly. This will effectively result
in a structural filtering of the unknown noise source and limit the bandwidth of the measured
reference signals. Most feedforward control algorithms used for adapting the coefficients of an
FIR filter rely on certain assumptions concerning the statistical properties of the provided
reference signals. However, these do not hold for real applications and results in non-optimal
convergence properties of the implemented adaptation algorithm.
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The deficiencies of stochastic gradient type algorithms for non-white input data have been
overcome by exact recursive least squares type algorithms which converge independently of the
statistical properties of the input or reference signal. In active noise control applications the
secondary path transfer functions have to be taken into account within the update loop of the
adaptive filter. The commonly used Filtered-X approach applies only to algorithms which
convergence in a stochastic sense. This paper describes the modifications needed to make exact
recursive least squares algorithms feasible for active noise control applications. Experiments for
controlling the sound radiated from a vibrating plate have been carried out using a stabilized
version of the Fast A-priori Error Sequential Technique (SFAEST) algorithm. This paper
discusses design issues for development and implementation of an active noise control system
based on fast feedforward control algorithms. It presents a method which effectively reduces the
limitations imposed by bandlimited reference signals exhibiting a large eigenvalue spread of the
associated covariance matrix. This paper will demonstrate the superior control authority of fast
transversal filter algorithms in the context of an overall ASAC design approach. Experiments for
control of seund radiation from a vibrating plate are carried out and results demonstrate the
effectiveness of the proposed design method.

FAST RECURSIVE ESTIMATION

During the past decade fast adaptive algorithms have been developed and further refined in order
to reduce their computational complexity and insure their stability under noisy or time-varying
constraints. But only recently these algorithms have been applied to noise control problems.
Alexander [6], Bronzel [7] and Carayannis [8] provide an overview of fast recursive estimation
techniques. Recursive identification is based on optimizing a set of model parameters given the
sampled signals rather than relying on assumptions concerning the statistical properties of the
signals involved. The Recursive Least Squares (RLS) algorithm implements a sequential iterative
procedure for inverting the sampled autocorrelation matrix based on the Sherman-Morrison
Lemma [9] resulting in a computational complexity of O(N?) operations. Fast algorithms have
been developed which further utilize the shift-invariance properties of the autocorrelation matrix.
They usually circumvent the direct inversion of the covariance matrix by means of feedforward
and feedbackward transversal filters to. calculate the Kalman gain for updating the unknown
parameters of the adaptive filter. These fast variants of RLS algorithms have a computational
complexity down to O(7N) for the Fast A-posteriori Error Sequential Technique (FAEST)
‘algorithm [10]. Hence these algorithms are becoming feasible for real-time applications. In our
ASAC application we have implemented a numerically stabilized version (SFAEST) of this
algorithm which has been developed by Moustakides [11]. The iterative adaptation loop of the
SFAEST algorithm is summarized in the Appendix.

In order to apply adaptive filters in feedforward control applications, it is necessary to
estimate the contribution of the filter output to the error signal. A common approach is to obtain a
representation S of the control and error path and change the order of filter operations. This
results in the standard Filtered-X algorithm, depicted schematically in Figure 1. Changing the
order of filter operations is possible only for Linear Time-Invariant (LTI) systems. Adaptive
filters are time-varying by definition and the corresponding filter operators do generally not
commute. However, the errors resulting from a change of the filter operations are small in the
limit of slow adaptation. This assumption is valid for stochastic gradient algorithms such as the
LMS algorithm which is commonly used in feedforward adaptive control applications.
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Figure 1: Filtered-X configuration for adaptive feedforward controllers based
on stochastic gradient adaptation schemes. :

The failure of the Filtered-X algorithm, when applied to fast recursive estimation schemes has
been reported by Bronzel [7], who successfully introduced the Extended-Filtered-X algorithm
which enables the implementation of fast recursive identification techniques for feedforward
control applications. The basic scheme of this approach is shown in more details in Figure 2. The
Extended-Filtered-X algorithm calculates an adjustment Ae[k] which compensates the error
introduced by exchanging the non-commuting filter operators in the standard Filtered-X
algorithm. The output y[k] of the adaptive filter A is filtered through a representation S of the
control and error path, yielding an estimate c,[k] of the contribution from the control signal to the
error signal e[k]. Exchanging the order of the corresponding filters yields another estimate c,[k].
The necessary adjustment to the sampled error signal e[k] is given by the difference of these
estimates: ' ' o

Aelk]= Y, a[k1rlk=il- s, ylk = jl.
i j

Schirmacher [12] has reported the active control of airborne sound using the SFAEST
algorithm with a slightly modified form of the Extended-Filtered-X configuration which has been
developed by Bjarnason [13], who applied his Modified-Filtered-X scheme to the LMS
algorithm. Although the Extended-Filtered-X technique could be applied to stochastic gradient
‘algorithms it will generally yield no performance improvements and is furthermore not essential

to ensure stability.

cs(k)

e(k)

Figure 2: Extended-Filtered-X configuration for adaptive feedforward
controllers based on fast recursive estimation techniques.




M. J. Bronzel
4

EXPERIMENTAL SET-UP

The experiments were performed on a simply supported plate made of plain carbon steel with
dimensions 380 x 298 x 1.93 mm. Figure 3 shows a schematic display of the experimental
arrangement. The simply supported boundary conditions were provided by thin flexible metal
shims connecting the edges of the steel plate with a heavy support stand. The lower order
resonance frequencies of this plate are presented Table 1. '

simply-supported sound
plate radiation
N

accelerometers __

disturbance
» E (o]
location 1. ‘ ‘ o

* piezoelectric
actuator

T - -paffle

y Figure 3: Experimental setup of simply supported plate with
disturbance shaker, PZT control actuator and an array of 9
accelerometers for estimating the wavenumber components
radiating in the farfield.

Nine accelerometers were mounted on the plate as depicted in Figure 3 to measure the
structural vibration. The acceleration signals were sampled at 1 kHz and passed through a digital
filter network to provide time domain estimates of 3 wave-number components. One of these is
used as an error signal for the adaptive feedforward controller. The calculations are carried out in
real-time on a TMS320C30 DSP board.'A more detailed description of the wave-number sensor
is given by Maillard and Fuller [5].

Table 1: Plate modal resonant frequencies.

Mode (m,n) (LD | 2D | (1,2) | 2,2) | 3,1) | (3,2)
Frequency [Hz] | 87 183 | 244 | 330 | 343 | 474

Two G1195 PZT piezoelectric actuators with dimensions 38 x 32 x 0.19 mm were mounted
on each side of the plate and wired out of phase to provide bending moments as control inputs.
The controller and a digital random noise signal generator were implemented an a separate
TMS320C30 DSP board with 2 channel built-in analog I/O. The signal taken from the output of
the built-in signal generator was filtered through a low-pass Butterworth filter with a cut-off
frequency of 400 Hz to excite the disturbance shaker. While the reference signal for the adaptive
feedforward controller is directly available from the random noise sequence, an adjustable delay
was introduced in the disturbance path to investigate the effects of causality. The I/O data stream
is sampled at | kHz. The adaptive controller uses 180 FIR filter coefficients which are updated
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using the Extended-Filtered-X SFAEST algorithm as outlined in the Appendix. The control and
error path is represented using a transversal filter with 180 coefficients. The windowing
parameter A in the SFAEST algorithm is set to 1.0 which resembles the stationarity of the
disturbance signal and of the plate dynamics. Suitable values for the initialization parameter p =
1.0 and for the stability parameter p = 1.0 were established during experimental testing. The
coherence between the disturbance signal and the error signal as well as the auto-spectrum of the
estimated wavenumber components were monitored using a portable B&K 2148 dual channel
signal analyzer. ' '

EXPERIMENTAL RESULTS

The estimate of the sound pressure based on structural time domain wavenumber sensing
provides a signal related to the noise radiation from the vibrating simply supported plate coupling
in the directions corresponding to 8 = —~30°, 8 = 0° and 8 = 30° (see Figure 3). The implemented
controller is currently designed for SISO systems. Therefore it is only possible to minimize the
sound radiation in one direction using a single PZT actuator mounted on the vibrating plate.
However, the estimated sound pressure corresponding to the other two directions was monitored,
as well.

The following results present an optimal controller, where a 20 ms delay has been added to
the disturbance path to make the system more causal. This enables the controller to adapt the
coefficients necessary to compensate the non-minimum phase zeros of the control and error path.
Figure 4 shows the auto-spectrum of the estimated error signal at 8 = —30° for the uncontrolled
(solid line) and controlled (dashed line) system after 5000 iterations using the Extended-Filtered-
X SFAEST based controller. Significant reduction of the radiated sound is achieved with peak
attenuation levels up to 28 dB for the entire bandwidth ranging from 50 Hz to 400 Hz. The total
sound pressure level attenuation is 7.9 dB across that frequency range. Figure 5 displays the noise .
reduction being achieved. Large reductions in radiated sound level are obtained for on-resonance
frequencies. Figure 6 and Figure 7 show the estimated sound pressure level before (solid line) and
after (dashed line) control for the additional signals corresponding to pressure radiation in 6 = 30°
and 6 = 0°. Note that these signals were not included in the costfunction to be minimized using
the adaptive feedforward controller. Cancellation occurs at resonant frequencies while the noise
level off-resonance is increased in general.
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Figure 4: Auto-spectrum of the estimated error signal Figure 5: Noise attenuation of the estimated error
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Figure 6: Auto-spectrum of the estimated signal
corresponding to sound pressure radiation in second
direction (8 = -30°, ¢ = 0°) before and after control.

Figure 7: Auto-spectrum of the estimated signal
corresponding to sound pressure radiation in third
direction(® = 0°, ¢ = 0°) before and after control.

The previously presented results were obtained after 5000 iterations using the Extended-
Filtered-X SFAEST algorithm. In order to demonstrate its effectiveness, the experiments were
repeated using the common Filtered-X LMS algorithm. A convergence factor of p = 2.0E-10
was chosen as the maximum possible value to maintain stability during the process of adaptation.
Figure 8 and Figure 9 show respectively the auto-spectrum of the error signal before (solid line)
and after (dashed line) control and the achievable noise attenuation after 20000 iterations.
Although the radiated pressure associated with most dominant radiating modes has been reduced,
the overall broadband performance of the Filtered-X LMS based controller has still not achieved
that obtained using the Extended-Filtered-X SFAEST algorithm. The total sound pressure
attenuation results in 4.0 dB in the frequency range between 50 and 400 Hz.
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Figure 9: Noise attenuation of the estimated error
signal (8 = =30°, ¢ = 0°) after 20000 iterations.

Figure 8: Auto-spectrum of the estimated error signal
(6 = -30°, ¢ = 0°) before and after control.

A direct comparison of the learning curves for the SFAEST and the LMS based controllers
demonstrates the superior performance of the fast recursive least squares controller. The
SFAEST algorithm converges very fast although the covariance matrix of the filtered reference
signals exhibits an extremely high eigenvalue ratio of | = 4.42E+5. The residual error signals for
the first 5000 iterations are shown in Figure 10 for the two different controllers. Note that the
output of the SFAEST based controller was switched off during the first 1000 iterations. This
results in better control performance since the SFAEST and other fast adaptation schemes tend to
overshoot the residual error during the first iterations in a noisy environment.
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Figure 10: Residual adaptation error during the initial 5000 iterations for the SFAEST. The results are
obtained as a smoothed ensemble average from 10 experiments.
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Figure 11 compares the coherence function between the reference signal and the error signal
before and after 1000 and 5000 iterations for the SFAEST based controller. The significant
decrease of the coherence indicates that most of the correlated content from the reference signal
has already been removed from the error signal after 1000 iterations. The corresponding
coherence functions for the LMS based controller are shown in Figure 12. The coherence has not
remarkably decreased after 5000 iterations. Figure 13 and Figure 14 show respectively the
effective noise attenuation for the SFAEST and for the LMS based controller before control and
after 1000 and 5000 iterations. The attenuation of the radiated sound pressure corresponds to the
decrease of the coherence between the reference and the error signal shown before.
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Figure 15: Auto-spectrum of the estimated error Figure 16: Comparison of thé optimal controllers
signal before and after control with 20 ms delay and impulse response for an implementation with 20 ms
without delay. delay and without delay.

In Figure 15, the previously obtained results (dotted line) are compared with that achieved
with a controller implementation where no additional delay has been added in the disturbance
path (dashed line). The corresponding optimal controller coefficients after 5000 iterations are
shown in Figure 16. As expected, better attenuation over the frequency band is obtained with the
delay being added, due to the non-minimum phase characteristics of the control and error path.
The controller coefficients with smaller index than the number of additional delay taps in the
disturbance path cannot be modeled in realistic applications. This results in some control spill-
over for off-resonance frequencies which can be reduced using more than only one control
actuator. However, significant attenuation was achieved at resonant frequencies using the control
implementation without delay. The broadband overall sound pressure reduction is 4.2 dB across
the entire bandwidth.

CONCLUSIONS

Active structural acoustic control of structure-born sound has been investigated using a fast RLS
algorithm. Application of fast adaptation schemes has been made feasible using an Extended-
Filtered-X algorithm which eliminates the inevitable errors associated with the standard Filtered-
X approach. The presented results clearly demonstrate the superior control authority of the
Extended-Filtered-X SFAEST algorithm over the Filtered-X LMS algorithm if the covariance
matrix of the underlying filtered reference signals exhibits a large eigenvalue ratio. Broadband
attenuation of the noise radiated from a simply supported plate in one direction has been
demonstrated with peak attenuation levels up to 28 dB in the frequency range from 50 Hz to 400
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Hz. Most of the reduction in the radiated sound pressure has been achieved after 1000 iterations.
However, a significant number of FIR coefficients were necessary to provide attenuation of the
levels achieved. Furthermore, results indicate, that a significant performance improvement could
be expected from implementing fast IIR type adaptive filters based on recursive least squares
estimation techniques.
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Stabilized Fast A-posteriori Error Sequential Technique (SFAEST) algorithm. The
following list summarizes the update equations for the Extended-Filtered-X SFAEST algorithm.
The computational complexity of this algorithm counts 8n+41+2n+2m+1 Multiply-And-Add

instructions including 5 divisions.
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filtered reference signal
a priori forward predictor error

a priori backward predictor error

order recursion for angle update (step up)

angle update (step down)

windowed angle parameter

stabilization factor

stabilized forward predictor error
forward angle update
stabilized backward predictor error

backward angle update

alternative Kalman gain update

* forward predictor update

partitioning of alternative Kalman gain

backward predictor update

FIR filter output

- a priori error adjustment

modified a posteriori error
FIR filter update
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1. Summary

In this work, two forms of frequenéy domain optimum solutions for multiple reference
active noise control (MRANC) in a feedforward arrangement are given in terms of signal
spectra and s}ystem frequency response functions (FRF). It is particularly noted that the
optimum solutions are uncoupled if the reference signals are uncorrelated or the noise
sources are directly available as reference signals. Other than the traditional control
configuration which feed each reference signal into a different filter, another control
configuration which combines multiple reference signals into a single input is also
investigated. Although this configuration generally delivers a compromised control
.effect, the payoff is a simplified control structure and significant computational savings.
In a;ldition, under some circumstances, the desired performance which is comparable to
other complex configurations can be achieved. Simulations based on sound transmission
through a vfbrating plate have been conducted and the results presented are consistent

with the theoretical analysis.

PACS numbers: 43.40 Vn, 43.50 Ki
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2. Introduction

Over the last two decades, active noise control (ANC) has been demonstrated as
an effective approach for low frequency noise reduction. The principle of ANC is based
on the superposition of the two acoustical waves from.the primary and secondary sources.
When the two waves are out of phase and of the same amplitude, the superposition results
in complete cancellation of the two waves and therefore generates a silent zone. ANC
provides an ideal complement to the ‘con\v'entional passive noise control approach, which

generally works efficiently at higher frequencies.

The application of ANC has been extended from single noise source one-
dimensional acoustical fields, e.g. a low frequency field in an air duct, to complex
multiple noise sources three-dimensional acoustical fields, e.g. a sound field in an aircraft
cabin. The extension to three-dimensional acoustical fields requiresA a number of
secondary sources to minimize the mean square signals from a number of error sensﬁrs,
so that the primary acoustical field can be spatially matched [1]. The extension to a
multiple noise source environment usually requires ‘more than one reference sensor to

generate a complete set of reference signals [2].

An important issue for multiple reference active noise control (MRANC) is the
selection of the number and the positions of reference sensors. The principle for

reference sensor selection is based on using a minimum number of reference sensors to
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achieve maximum multiple coherence between the reference signals and the primary
noise signals. The number of reference sensors should be as small as possible in order to
simplify control structure and save computational cost, while the multiple coherence
function should be as close to unity as possible in order to achieve maximum noise
reduction [2]. Generally speaking, the reference sensors should be able to detect all the
independent noise sources, which usually implies more reference sensors than
independent noise sources [3]. A number of frequency domain approaches have been
applied to identify noise sources based on coherence techniques [4][{5] and Principal
Component Analysis [6]. The applicability of coherence techniques is determined by the
correlation among reference signals. Principle Component Analysis is effective in
determining the dominant noise sources and does not depend on the correlation among
reference signals. However, the exact locations of reference sensors required to detect
‘those noise sources remain unknown. Recently, »atte‘mion has been paid on the
convergence rate as well as the number of controller coefficients for reference sensor

selection [7].

The previous studies of mulltiple reference active noise control are mainly focused
on noise source identification and reference sensor selection. An important issue remains
untouched. When MRANC is designed to achieve noise reduction at a number of
locations or globally, the control structure becomes very complicated and the amount of
computations may exceed the computational limit of many digital signal processors

(DSP). It is therefore of much significance to study the possibility of simplifying the
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MRANC control structure, while maintaining the desired noise reduction. In addition, the

coupling effect between noise sources and reference sensors has not directly investigated.

3. Frequency domain analysis

Figure 1 shows a typical MRANC system, in which there are M noise sources, K
reference sensors, 6ne secondary source and one error sensor. Each reference svignal is
fed into a different filter and the output of each filter is summed togethér to drive a single
secondary source. This multiple reference multiple input (MRMI) configuration for
processing reference signals attempts to control the primary noise frqm multiple primary
paths with the secondary noise from multiple ﬁltcrs, thus it enjoys the applicability in
general situations and has been adopted in most previous stﬁdies [2], [8]. Since the
number of the secondary sources and error sensors is chosen to be unity to simplify the
analysis, spatial noise redﬁction effect is not a concern. The signal at the‘ EITor Sensor is
the superposition of the primary noise and the secondary noise and is given by

e(w)=d(w)+T(w)x" (w)W(w) | m
where d(w) is the primary noise, T(w) is the FRF between the secondary source and the

error sensor, X(w) is the reference signal vector, and W(w) is the controller FRF vector,

that is
x(w)={x,w) o) A x,w} @)
W(w):{W](w) W,(w) A Wk(w)}T (3)
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The objective of ANC is to minimize the error signal, thus the cost function is defined as
E(w) =E(e* (w)e(w)) 4)
Substituting equation (1) into equation (4) and takiﬁg the complex derivative with respect

to the controller vector [9], the gradient of the cost function is obtained as

V = E(& (w)T" (w))W(w) +E(d(w)T () (5)
where
Xw) =x(W)T(w) - (6)

The optimum controller vector can be obtained by setting the gradient to zero, thus

W, (w)=-R™(w)P(w) : 0

opt
where R(w) is a matrix, whose diagonal terms are the auto-spectra of the reference signals
and off-diagonal terms are the cross-spectra of the reference signals, P(w) is a vector

representing the cross-spectra between the reference signals and the primary noise, i.e.

Sza() Sza(w) A Sz (w)
Siza(w) SB,B_(W) A SBA_(W)

M M M M | (8)
Saz(w) Sza(w) A S3z(w))

R(w)=

Sqd(W)

Sa,_d(w)
M

Sakd(W)

P(w)= ®

It is interesting to note that if the reference signals are uncorrelated, their cross-spectra
would be zero. It follows that all the off-diagonal terms inside the matrix R(w) are zero.

Thus, equation (7) can be rewritten as
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Sad(w)
v‘/i")pt(W) B Sag(W) |

i=123A K | (10)

The above equation indicates that the optimum solutions of all the filters are
independent, and each filter operates without any interference from other filters. In other
words, the filters are uncoupled if the reference signals are uncorrelated. The optimum'
controller vector can be derived in terms of system FREF’s. The primary noise af the error
sensors is formed by M noise sources passing through M primary paths and is given by

d(w)=n" (w)P(w) ' ' (11)
where n(w) and P(w) are noise source vector and primary FRF vector respectively and

can be expressed as
T
n(w)={n,w) mw) A n,(w)} (12)

Pw)={P(w) Bw) A P,w} o a3)
The noise sources and the reference signals are related by |

x(w) = H(w)n(w) : (14)
where H(w) is the source coupling matrix, whose element H;j(W) represents the FRF

between the ith noise source and the jth reference sensor, and can be written as

H,(w) Hu(w) A S;rll(w)
H H A S,
H(w)= 211\(/1”’) 22;4“’) y m.lf/IW) (15)

H, (w) H,w) A §S,w)

Substituiing equations (6), (11), and (14) into equation (5) and moving all the FRF’s to

the outside of expectation, the gradient of the cost function is obtained as
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V=T (w)H (WE(n" (wn” (w)[H (W)T(w)W(w) + P(w)] (16)
Another form of optimum controller vector can be obtained by setting the gradient to

zero, i.e.

- .. Pw)
(W) =—H (W)—T(w) (17)

where H*(w) is the pseudo-inverse [10] of H'(w). The optimum controller vector is
expressed in terms of FRF’s of the primary path, the error path and the source coupling
path. This solution is intuitively clear: the error signal comes from the noise sources
through both the primary path and the secondary path, the controller in the secondary path
adjusts its FRF so that the two paths have the same magnitude response and 180 degrees
phase difference. Thus, noise cancellation is achieved.

If H(w) is an identity matrix, which implies that the number of reference sensors
is the same as the number of noise sources, and each noise source is available as reference

signal, equation (17) reduces to

F(w)

Wi =70

(18)

Again, equation (18) indicates that the optimum solutions of all the control filters are
independent. In fact, each optimum solution is determined only by the correspondihg
primary path and the error path.

An alternative MRANC systém combines all the reference signals into a single
‘input (MRSI) as shown in Figure 2. This configuration generally delivers compromised

noise reduction effect. However, under some special circumstances, desired noise
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reduction effect along with a large number of computational savings can be obtained.

The coherence function is defined as

o= S8t "
The primary noise and the reference signal can be written as
d(w) = n(W)R(w) + n,(WH(W)A +ny, (W)P, (W) (20)
x(w) = m(W)H,(w) +n,(W)Hy(WHA +n,, (W)H , (w) @21

where Hj(w) is the summation of all the FRF’s from the ith noise sources to all the

reference sensor and is given by

K
H,(w)= Y H;(w) - (22)

j=1
Since the noise sources are assumed to be uncorrelated, their cross-spectra are zero, it

follows that

S =S |H1|2+s,,2nz|H2|2+A,+s,,knk |H,I? : : (23)
. 2 2 2

Su=Sunl|Bl +S....|B] +A +S,, |B] (24)

Sxd = Sn,nl Hl‘l)l +Sn:n2 HZ‘I)2+A +Sllkl‘lk Hk‘l)k ' (25)

*

Sdt =Sn,n,HlPl +Su:nzH2Pg’. +A +SnknkaPk (26)
Subtracting the numerator from the denominator of the coherence function results in

S .S,—S.S,

ped

= 3 ($,05,,, (HPIBFHE PIRE-H,H B P~ H, H PP

ij=lisj
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- i (Sni",_S,,inj(lH,.Pj-—HjP,.lz)) @7)

i, j=lizj
Since the auto-_s‘pectrum is non-negative, the above expression is also non-negative,
which implies that the coherence function is usual!y less than unity, i.e.

y(w)<l : (28)
This result indicates that perfect noise cancellation is not achievable with MRSI
configuration. It should be noted that there‘ are no unaccounted input signals, output
signals, or nonlinear components in the system. If the system is configured properly,
unity coherence function is expected. Thus, the coherence inadequacy is caused by the
defect of MRSI configuration. It is also important to note that the MRSI configuration is
defective even when the reference signals are uncorrelated. This conclusion can be seen
by assuming that each noise source is available as a reference signal, accordingly, every
noise coupling terms P; in equation (27) drop out and equation (28) still holds. As a
conclusion, compromised noise reduction is anticipated as a result of the defective MRSI

control structure.

However, under two special circumstances: (1) when each reference signal

occupies different frequency range, i.e. S,.,.n,.Sn,,.,. =0 foriz J; (2) when each noise

source is available as a reference signal, and all the FRF’s of the primary paths are equal,

ie. |H,P,—H Pl=0 fori#j, equation (26) is equal to zero, which implies unity

coherence function throughout the frequency range. Thus, when either one of the two
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conditions is met, the performance of a MRSI configuration is expected to be equivalent
to that of a MRMI configuration. For example, when several engines run at different
speeds, each engine can be considered as a source radiating only tonal noise, since the
base tone frequency is different, a MRSI configuration can be used to obtain desired noise
reduction. This falls into the first éircumstance. If the noise sources are adjacently
located and available as reference signals without coupling, and the error sénsors are far
away from the noise sources, all the primary paths are expected to b»e comparable. As a
result, desired noise reduction effect can be achieved with a MRSI configuration. This
falls into the second circumstance. The choice of a MRSI configuration significantly

simplifies a MRANC system as compared to a MRMI configuration.

4. Simulation setup and system modeling

In a complicated ANC system such as an aircraft cabin, the fuselage may generate
interior noise due to directly applied structural forces as well as acoustical pressure
fluctuations acting on it from exterior. The setup shown in Figure 3 gives consideration
to these two types of excitations. As shown in Figure 3, there are two disturbance
sources, one secondary source and one error microphone for the plate system. The plate
has dimensions of 0.381m long and 0.305m wide and is mounted in a heavy steel frame,
which produces negligible rotation and displacement of the boundary, approximating
clampgd boundary conditions. The steel frame is mounted in a rigid wall with one side

facing toward a reverberation chamber and the other side toward an anechoic chamber.
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The plate is excited by two distinctive noise sources; one is the acoustical disturbance
from a large speaker, while the other is the structural disturbance from a piezoelectric
ceramic transducer (PZT #1) mounted on the plate. The secondary control source acting
on the plate is another piezoelectric actuator (PZT #2). The positions of both of the

PZT’s are selected such that any plate mode of order'(4,4) or less can be excited. The

error sensor is a microphone located in the direction approximately perpendicular to the

center of the plate. The goal of the control is to minimize the total radiated sound at the

error microphone.

The system shown in Figure 7 has two primary paths (from the speaker through
the Qlate to the error microphone and from the PZT #1 to the error microphone) and one.
error path (from the PZT #2 to the error microphone). The FRF’s of the two primary
paths and the error path were modeled with FIR filters. In order to obtain the FIR models
of the system, the FRF’s were measured with a B&K 2032 digital signal analyzer, and
801 frequency response data samples equally spaced between 0 to 400 Hz were obtained.
These frequency response data were fitted with FIR filters using the least square method
[11]. The frequency range is con'strained to be below 400 Hz. Within the chosen
frequency range, a maximum of five structural modes can be excited.

The number of coefficients in each FIR filter was chosen to be 128 such that both
the phase and magnitude of the FRF can be well matched at the frequency range where
large noise cancellation is desired. The match at other frequency ranges (e.g. below 40

Hz) is not very important, since the noise cancellation at those frequency ranges is
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unobtainable due to the dynamic limitations of the PZT actuators. The sampling
frequency is chosen to be 800 Hz, which is exactly the Nyquist frequency for the system.

The magnitude response of measured FRF’s and their corresponding FIR models are

shown in Figure 4, 5 and 6.

5. Simulation results

In the first simulation, the performance difference of the two configurations (MRSI
and MRMI) is examined with two independent random signal generators as the noise
so'urces. For MRMI configuration, the two reference signals are obtained directly from
the two ra-ndom signal generators. For MRSI configuration, the reference signal is the
summation of the signals from the two random signal generators. The optimum filter -
weight vectors for both configurations are calculated based on the norm equation

opt

RW =-P (29
where

B (k) BOF (k) A =B (k)X (k)

o g BEOFE BEOF(0 A BTk
M M M M

g, (0O (k) B (X 2(k) A R, (k)X (k)

(30)

X (k)d(k)

xl, (k)d(k)
B M

2, (k)d(k)

(3D
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The expected values inside the matrix R and the vector P were approximated using the
average of 4096 samples. The residual noise after control is obtained by substitﬁting the
optimum weight vectorg into controller filters.

The error signal after control (residual noise) in the time domain is shown in
Figure 7, which indicates that the error signal for MRMI is much smaller than that for
MRSI In other words, MRMI achieves much better noise reduction than MRSL
Although perfect noise cancellation with MRMI can be achigved theoretically since the
system is casual, completely coherent and without any additional noise, the error signal
d6es ﬁot reach zero. This is due to the finite filter length effect since each controller. filter
for MRMI has only 128 coefficients. A comparison of the power spectral density is
shown in Figure 8, which cléarly indicateé that the performance of MRMI is much better
than that of MRSI. In‘ fact, 10 dB \overall noise reduction for MRMI is achieved, while
only about 3 dB overall noise reduction is achieved fof MRSIL It should be noted that the
maximum noise reduction occurs in the vicinity of the resonance frequencies, while at the

off-resonance frequencies, only a small amount of noise attenuation is achieved.

Since both noise sources in the preceding simulation has the same frequency range
between zero to 400 Hz, the poor performance of MRSI is expected. However, if the two
noise sources have non-overlapped frequency range, MRSI is expected to have
comparable performance with MRMI. In this simulation, the first noise source is
| provided by a random signal generator passing through a low-pass filter with cutoff

frequency at 160 Hz, and the second noise source is provided by another random signal
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generator passing through a high-pass filter with cutoff frequency at 160 Hz. Thus, each
noise source occupies a different frequency range. Each of the two filters in MRMI has
128 coefficients, and the only filter in MRSI also has 128 coefficients. A sequence of
error signal after control (residual noise) .is shown in Figure 9, and the power spectral
density of the error signal before and after optimum control is shown in Figure 10. The
result shows that the performance of both configurations is close. However, since MRSI
has a very simple structure, significant amount of computations can be saved. It is
interesting to note that, under the assumption that each noise source has a unique

frequency range, MRSI approach is actually the inverse of the sub-band approach.

It has been theoretical predicted that if all the primary paths are similar té each
other and each noise_ source is available as a reference signal, then MRSI is expected to
have comparable performance as MRMI. In this simulation, the first primary path is
replaced by the variation of the second primary path, which deviates about 10% from the
original magnitude and phase, and the second primai'y path stays the same. Thus, the two
primary paths are similar. A seqﬁence of error signal after control (residual noise) is
shown in Figure 11, and the power spectral density of the error signal before and after

optimum control is shown in Figure 12. The result clearly shows that the performance of

both configurations is very similar.
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6. Conclusions

A frequency domain optimum solution of a multiple reference active noise control
‘ (MRANC) Systém based on a general configuration (MRMI) has been derived, and the
coupling effect between noise sources and reference sensors has been considered.
Another sin.lplifiedv control éonfiguration in which the reference signal are directly added
together to form a single signal has been investigated and cbmpared with the MRMI
configuration. When there are several noise sources, the MRMI configuration generally
performs much better than the MRSI configuration. However, when each reference
signal occupies a unique frequency range, or all the primary paths are similar to each
other and each noise source is available as a reference signal, the two configurations can
result in comparable noise reduction. In this situation, since the MRSI configuration is
much less complex, a significant amount of computatjonal and memory savings can be

achieved.
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Figure 2. Multiple reference single input (MRSI) system.
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1. Summary

Multiple reference active noise control (MRANC) has been applied to acoustical fields
with multiple noise sources to achieve low frequency noise reduction. The traditional
control configuration feeds each reference signal into a different control filter. This
configuration has been widely adopted due to its potential performance in a general
multiple noise source environment. However, it entails the problem of ill conditioning
when the reference signals are correlated. In this paper, A time domain analysis has been
carried out to investigate the problem of ill conditioning for MRANC. To cope with the
problem of ill conditioning, a reference signal preprocessing step is added to the
‘conventional active noise control process. This preprocessing step essentially éonstructs
a new set of reference sigﬁals, which preserve all the information of the original
reference, but are uncorrelated with each other. An adaptive decorrelation filter based on
the Wiener filter theory and Gram-Schmidt orthogonalization theorem is- constructed to
implement the reference signal preprocessing step. Experiments based on sound
transmission through a vibrating plat‘e have been conducted and the results presented arer

consistent with the theoretical analysis.
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2. Introduction

With the breathtaking advance of digital signal processing (DSP) technvology and
ever-increasing parallelism for real-time computation, complex feedforward active noise
control (ANC) systems with multiple reference, multiple actuator and multiple error have
been built. These complex ANC systems make noise reduction possible not only in
single noise source one-dimensional acoustical fields, but in multiple noise source three-
dimensional acoustical fields as well. When an ANC system is applied to a three-
diménsional acoustical field, it is usually /required to use multiple actuator and multiplg

error sensor to achieve spatial noise reduction [1].

In addition, to achieve noise )reduction in a multiple noise source environment, it
is usually required to use multiple reference sensor to generate a complete set of reference
signals [2] so that the desired multiple coherence function caﬁ bé obtained. A previous
companion paper [3] studied the behavior of conventional and simplified multiple
reference active noise control (MRA‘NC) systems ﬁsing frequency domain analysis and
simulation. It was found that good perfonnaﬁce was achieved when the reference signals
were uncorrelated. However, if the reference signals are correlated, thé MRANC system
may become ill conditioned which usually results in a slow convergence rate and high

sensitivity of noise attenuation to the measurement contamination.

A method to increase the convefgence speed by using decorrelators for a MRANC

system was proposed by Masato et. al. [4]. The effectiveness of the proposed
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decorrelators to increase convergence speed is strongly affected by the characteristics of
the reference signal correlation. In a general situation, the proposed decorrelators deliver
poor results. Studies on adaptive noise cancellation, in which the cancellation is focused
on electriéal signal rather than acoustical wave, have shown that the reference signal
cdupling in a multiple noise source envirohment degrades the control performance. A de-
coupling method was proposed to produce a new set of reference signals [5]. Parallel
adaptive filter structures along with sub-band approaches have also been applied to
adaptive noise cancellation. The results are shown to improve the ability to track non-
stationary noise process [6]. Recently, attention has been paid on the convergence rate as
well as the number of control coefficients for reference sensor selection [7] in a multiple

noise source environment.

The previous studies on MRANC are rﬁainly focused on noise source
identification and reference sensor selection. An important issue remains unsolved, i.e.
when reference signals are correlated, the ANC system becomes ill-conditioned. An ill-
conditioned system usually results in slow convergence rate and high sensitivity of noiée
attenuation to measurement contamination. In this paper, the problem of ill conditioning
has been analytically studied using a time domain analysis. A reference signal
preproces\sing step using adaptive decorrelation filters is proposed and investigated using
simulations and experiments. It is shown that the preprocessing step significantly improve

the performance of the MRANC system when the reference signals are correlated.
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3. Time domain analysis

Figure 1 shows a typical MRANC system, in which there are M noise sources, K
reference sensors, one secondary source and one error sensor. Each reference signal is
fed into a different filter and the output of each filter is summed together to drive a single
secondary source. This structure for processing reference signals attempts to control the
primary noise from multiple primary paths with the secondary noise from multiple filters,
thus it enjoys the applicability in general situations and has been adopted by most
pfevious studies [2], [8]. Since the number of the secondary sources and error sensors is
chosen to be unity to simplify the analysis, spatial noise reduction effect is not a concern

in this paper.

Usually, reference signals are obtained through various sensors, and each
reference sensor may p1ck up signals from several noise sources passing through different
paths, as shown in Figure 3. As a result, the reference signals maybe correlated with each
other. The correlated part of these reference signals represents the common input to
different filters, which in turn generates the correlated outputs. Theverror signal at step k
.can be written as

e(k)=d(k)+u(k)T(z) (1)
where T(z) is the Z transform of the error path. Here, no assumption is‘ made about the
structure of T(z), it could be in the form of either IIR or FIR filters, and u(k) is the

summation of all the filter outputs, given by

K K
wk)= Y x, (ow, = Y, w.x,(k) )

i=1 i=1
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where w; and x;(k) are the weight vector and the tapped input vector for the ith filter

respectively. Suppose the filter length is M, then

. T
w,=[w0',. W, Wy . wM_l_,.] (3)

x,(k)=[x, (k) x(k=1) x,(k-2) .. x(k=M+D] @

Substituting equation (2) into equatiqn (1) yields
« v
e(k)=d(k)+ Y, w,x,(k)T(2) )
i=1 .

Defining the filtered reference signal as

x, (k) =x,(k)T(z) (6)
" the error signal can be rewritten as

e(l) = d(k) + WTR(®) | @
where Wis a KxM vector formed by putting togetﬁer all the control filter weight vectors

and R(k) is another KxM vector formed by putting together all the réference signal

vectors, 1.e.
w=(w, w7 A wJ) - 8)
Rk =(F1(k) Fa2k) A Fi(h) )

The cost function is constructed as the mean square error signal, i.e.

E=E[e*(k)] (10)

Substituting equation (5) into equation (10), the gradient of the cost function with respect

to the weight vector is obtained as

_ 9% _ de(k)
Va2 fZE[e(k) e }
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= 2E[d(k)R(k)]+ 2E[R() R (k) [W
Setting the gradient to zero, the optimum weight vector is obtained by solving the norm
equation

RW,, =P | | (1
where |

X (X 1(k) ®(k)F2(k) A B (k)T (k)
X, (k% 1(k) D,k (k) A T,k (k)
M M M M
D, (%1 (k) BT (k) A B (KT (k)

R=E (12)

2, (k)d (k)
2, (k)d(k)
E M |
2, (k)d(k)

(13)

Each term inside the above R matrix is a sub-matrix, and the matrix R is real, symmetric
and non-negative definite just like the R matrix in a single reference' ANC system.
Therefore, the corresponding eigenvalues of the R matrix are also non-negative and real.
The characteristics of the R matrix are determined by the auto-correlation and cross-
correlation functions of the filtered reference signals. If all the reference signals are
uncorrelated with each other, every off-diagonal terms in the R matrix vyill be zero and
every optimum weight vectors, Wi, Wa, ... and wy, are uncoupled. On the other hand, if
the reference signais are correlated, the condition number [9] of the R matrix may
become large, which implies that the MRANC system is ill-conditioned. This problem
becomes even more prominent when each reference sigﬁal is orthogonal, i.e. the auto-

correlation matrices inside the R matrix are diagonal.
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It is very important to understand perturbation theory [9] and its impact on the
development of an algorithm to solve the norm equation (11). The perturbation theory
states that if the matrix R and the vector P are perturbed by small amounts 6R and &P
respectively, and if the relative perturbations, [IBRI/IRI and IISPI/IPI, are both on the

same order of €, where € << 1, then

—-——“(SW" <ey(R) (14)
Wl

where 8W is the change of weight vector W as a result of the perturbation from the
matrix R and the vector P, and %(R) is the condition number of the matrix R, and || is

_the norm operator [10]. The condition number describes the ill condition of a matrix.
Since the matrix R is real and symmetric, it can be shown [6] that the condition number

equals

2(R)= i":x ' (15)

where A, and A are the maximum and minimum eigenvalues of the matrix R
respectively. This ratio 1s also cémmonly referred to as eigenvalue spread.

The perturbation theory states that if there are some errors in the matrix R or the
vector P caused by measurement or some other factors, the ill-condition of the correlation
matrix R may lead to a; weight vector solution W which is far from the optimum Wiener
solution Wop due to the problem of ill condition. In other words, the ill condition of the
correlation matrix R causes the optimum Wiener vector to be very sensitive to various
measurement contamination. The measurement contamination may be resulted from A/D

and D/A conversion, transducer error, finite precision error, non-linearity and etc.
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On the other hand, the eigenvalue spread of the matrix R has a significant impact
on the convergence rate of an ANC system, especially when the LMS based algorithm is
applied [2]. An important factor that determines the eigenvalue spread is the cross-
corrélation among the reference signals. The cross-correlation becomes even more
dominant when each reference is an orthogonal signal. In particular, if the reference
signal x; is correlated with the reference signal x;, the ith and jth columns in the R matrix
will exhibit some similarities, which results in large eigenvélue spread. Upon the
extreme circumstance when any two reference signals are the same, the determinant of
the matrix R becomes zero, and the eigenvalue spread approaches infinity. In this case,
the ill-conditioned system deteriorates to an underdetermined system since the solution to

the ANC system is not unique.

4. Preprocessing of reference signals

As discussed in the last section, it is desirable to have uncorrelated reference
signals. In the present work, this is a}chieved through the use of decorrelation filters in a
reference signal preprocessing stage. The preprocessing constructs a new set of reference
signals, which preserve all the information of the original reference signals, but are
uncorrelated with each other. Such a step essentially causes all the off-diagonal blocks in
the R matrix to be zero, thus eliminating the ill-conditioning problem due to the cross-

correlation among reference signals.
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~ According to the orthogonal theorem of adaptive filter theory, when an adaptive
filter shown in Figure 4 is running as an optimum Wiener filter, the error signal is

uncorrelated with the reference signal, i.e.

E[x(k—De(k)]y.y, =0  i=0L2,A M~1 (16)

where x is the reference signal, e is the error signals, and M is the number of filter
coefficients. Based on the orthogonal theorem, adaptive deéorrelation filters can be
constructed as shown in Figure 5, in which two correlated reference signals are processed'
by a couple of adaptive filters to generate two uncorrelated reference signals. For the

upper filter A, the reference signal is ¥,, and the error signal is x,. Thus, the orthogonal
~ relationship is expressed as

HRk-0%0],, =0  i=012A M-I a7

where M is the number of filter coefficients corresponding to filter A. For the lower filter

B, the reference signal is X, , and the error signal is X,. Thus, the orthogonal relationship

is expressed as

E[x,(k-D%,(K)],, =0  i=012A M-I (18)

where M is the number of filter coefficients corresponding to filter B. It is important to
note that the degree of decorrelﬁtion between the reference signalk and the error signal
depends on the number of filter coefficients. Ideally, an infinite number of filter
coefficients is needed to decorrelate the two reference signals. However, since the
objectiire of applying decorrelation filters is to diagonalize the matrix R, it is easy to

show that the two transversal filters in the decorrelation filters should have the same
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number of coefficients, and the number of coefficients M should be the same as the

number of the control filter coefficients.

It should be noted that the first two coefficients aq and by in the filters A and B are
redundant, since both of them are trying to achieve

E[%, (k)%, (k)] =0 | | : (19)

This is an over-determined case, which gives infinite solutions to ap and by. A practical

approach is to force either ag or by to be zero. Using the LMS algorithm and assuming

that first coefficient by is set to be zero, the uncorrelated reference signals x,and %, can

be obtained as

y |

%,(k)=x,(k)+ D %, (k=Db(k)  i=1,2,A M-1 (20)
=1 .

bi(k+1)=b,(k) - T, (k- )%, (k)  i=12,A M-1 | 1)
M .

%, (k) = x,(k)+ X % (k=ia, (k)  i=0,1,2,A M~1 (22)
i=0

a(k+1)=a,(k)- % (k- )%, (k)  i=0,1,2,A M~1 . (3)

The above decorrelation techniques have been reported to achieve signal separation and
restoration of original signals [11], [12]. In these applications, assumptions on the
relationshif) between source signals and input signals have to be made, and also required
are some assumptions on the statistical properties of source signals. In the pre-
processing, the reference signals are assumed to be wide sense stationary, however, the
relationship between noise sources and reference signals is not important. A

decorrelation structure for K reference signals is shown in Figure 6.
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The correlation matrix R of decorrelated reference signals is generally not strictly
diago’nal, but block-diagonal, since each term inside the matrix is a sub-matrix. Although
the eigenvalue spread is generally smaller after the preprocessing with the decorrelation
filters, it is not guarantegd at every situation. In particular, if the cross-correlation terms
are much smaller than the auto-correlation terms fn the matrix R, the decorrelation
preprocess may not improve eigenvalue spread at. all. However, if reference signal is
orthogonal, which implies that each diagonal sub-matrix inside the matrix R is diagonal,
then the decorrelation process will definitely improve the eigenvalue spread. A potential
approaches to achieve this is to combine decorrelation process with lattice structure based

FIR filters [13], [14] or frequency-domain block algorithm [15] [16].

5. Experimental setup

In a complicated ANC system such as an aircraft cabin, the fuselage may generate
noise due to directly‘applied strﬁctural forces as well as acoustical pressure fluctuations.
The setup shown in Figure 7 gives consideration to these two types of excitations. As
shown in Figure 7, there are two disturbance sources, one secondary source and one error
microphone for the plate system. The plate has dimensions of 0.381 m long and 0.305 m
wide and is mounted in a heavy steel frame, which produces negligible rotation and
displacement of the boundary, approximating clamped boundary conditions. The steel
frame is mounted in a rigid wall with one side facing toward a reverberation chamber and
the other side toward an anechoic chamber. The plate is excited by two distinctive noise

sources; one is the acoustical disturbance from a large speaker, while the other is the
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structural disturbance from a piezoelectric transducer (PZT #1) mounted on the plate.
The secondary control source acting on the plate is another PZT (PZT #2). The positions
of the PZT’s are selected such that any pl\ate mode of order (4,4) or less can be excited_ as
éhown in Table 1. The error sensor is a microphone located in the direction
approximately perpendicular to the center of the plate. The goal of the control is to

minimize the total radiated sound at the error microphone.

The block diagram showing the various elements for the experiments is presented
in Figure 8. The heart of the system is a TMS320C30@ DSP board, which is/ used to
implement the preprocessing and control algorithms. The A/D and D/A conversions are
carried out through two additional I/O boards, which provide 32 input channels and 16
output channels. The DSP board along with t\wo associated /O boards is plugged into a
PC. A graphical user interface (GUI) running under the host PC is provided to adjust
various control parameters and display DSP data. Since the disturbance signals generated
within the DSP are digital in nature, they are transférmed into analog signals fhro’ugh D/A
converters to drive the primary noise sources (speaker and PZT #1). Similarly, the control
signal is also transformed into analog signal through D/A converters to drive the
secon{dary source (PZT #2). Since the frequency range for the experiments is selected to
be below 400 Hz; all the signals are low-pass filtered so that the frequency components
above 400 Hz are negligible in order to avoid alias. In addition, since the signals
geﬁerated within the DSP have very small power, in ;)rder to drive the speaker and PZTs,
they are also fed into power amplifiers. It should be noted that the signal from the error

microphone is fed into a high-pass filter to eliminate the dc signal drift.
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The controller is based on adaptive FIR filters, and the number of coefficients for
each FIR filter is selected to be 128. The error path between the secondary sburce (PZT
#2) and the error sensor is also modeled with a FIR filter, and the same number of
coefficients is used. The frequency range of the noise field is selected to be below 400
Hz. These parameters are selected based on the computational limit of the DSP, since
increasing frequency range generally requires more filter coefficients to get satisfactory
results, which in turn requires more computations.

Two random signal generators were used to produce two independent noise
sources, and the reference signals were obtained indirectly from the two noise sources.
~ The relétionship between the reference signals and the noise sources is shown in Figure 9.
The first reference signal r; is exactly the same as the first noise source signal n;. The
second reference signal r; is the combination of the second noise source n, and the first
noise source n; filtered through a band-pass filter, that is

(k)= ny (k) | (24)

(k)= Cy *my(K)+m, () H(Z) | 25)
where C, is a constant. The two uncorrelated noise source signals, n; and n,, are
uniformly distributedbbetween -1 and 1. The cut off frequencies for the band pass filter
H(z) are selected to be 160 Hz and 320 Hz. A FIR filter with four coefficients is used
here to implement the band pass filter. The windowing method is adopted to design the
band pass FIR filter and the resultant four coefficients vector i§ {-1.009, 6.875, 6.875, -
1.009}. Thus, the two reference signals in equations (22) and (23) are correlated due to
fhe common contributions from noise source n;, and their correlation function can be
varied if a different constant Cy is selected.
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The decorrelation filters are implemented with fixed Wiener filters instead of adaptive
filters since the correlation between the reference signals is time invariant. In this
particular case, the requirement for the decorrelation filter is to remove the corilponent in
the reference signal ry, which is correlated with the reference signal r;. The weight vector
for the decorrelation filter A is calculated as {1.025, -6.888, -6.863, 1.003}, and the
weight vector for the decorrelation filter B is a zero vector.

Corresponding to each selected constant Co, cdmputations are carried out to obtain
the correlation matrix R for the referencc signals, the decorrelated reference signals, the
filtered reference signals, and the decorrelated filtered reference signals. Based on the
correlation matrix, the corresponding eigenvalue spread is also computed and the results
are shown in Table 2. It is clear that the eigenvalue spread of the reference signals is
smaller after it is processed through the decorrelation filter.‘ In fact, the convergence
speed is determined by the filtered reference signals ihstead of the reference signals for
the Filtered-X LMS (FXLMS) algorithm. Thus, ~in order to improve the conver‘gepce
speed, the eigenvalue spread for the filtered reference signals must get smaller as well.
This requirement is indeed satisfied since, although decorrelation is only applied to the
reference signals, the correlation between filtered reference signals is also affected. It is
also interesting to note the eigenvalue spread for the filtered reference signals is much

larger than that for the reference signals. This is due to the stretching effect of the error

path.
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6. Experimental results

If the reference signals are préprocessed through the decorrelation filter, then the
FXLMS algorithm is referred to as the DFXLMS algorithm. In order to examine the
effect of the decorrelation filter on improving the convergence speed, the conventional |
FXLMS algorithm was firsf applied. After letting the controller weight vectors converge
for 30 seconds, the convergence process was frozen. Then the 'power spectral density of
the error signal was measured. Next, the DFEXLMS algorithm was also applied, the
deer spectral density of the error signal was also measured after 30 seconds of
convergence time. The results, shown in Figure 10, indicate}that 9.0 dB noise reduction
- was achieved with the DFXLMS algorithm, while only 5.3 dB noise reduction with the
conventional FXLMS algorithm.

In order to measure the learning curve, the convergence process of the FXLMS
algorithm or the DFXLMS algorithm was started with a small convergence parameter,
and the error ‘signal power at 5, 10, 15, 25 ... and 360 seconds were measured. These
values representing the power of the error signal form the Iearﬁing curves as shown in
Figure 11. The results indicate that the DFXLMS algorithm converges about three times
faster than the FXLMS algorithm and the improvement of the convergence speed is in the
same magnitude as the improvement of the corresponding eigenvalue_: spread. It is
interesting to note that the error signal power for the DFXLMS is still larger than that for
the FXLMS algorithm after 360 seconds. This is not only due to very long convergence
timé needed’ for the error signals to reach steady state, but due to various measurement
errors (e.g. A/D and D/A conversion, non-linearity, finite precision) introduced in the

experiment.
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’In order to investigate the impact of measurement errors. a simulation based on
the same experimental setup was carried out using the approach outlined in the
companion paper. The frequency response functions (FRF) of the two primary paths
(from the speaker through the plate to the error microphone and from the PZT #1 to the
eﬁor microphone) and one error path (from the PZT #2 to the error microphone) were
measured with a B&K 2032 digital signal analyzer. The frequency response functions
Were fitted with FIR filters using the least square method [17]. Based on the FIR models,
the learning curves of the two algorithms can be obtained through calculation. The
results, shown in Figure 12, show the same tendency that the convergence speed of the
DFXLMS algorithm is about three times as fast as that of the traditional FXLMS
algorithm. However, after 6 minutes of convergence, the power of the error signal
without the DFXLMS algorithm is very close to that with FXLMS algorithm since the
simulation is free from various measurement errors caused by A/D, D/A converters,
transducers, non-linear components and many other ANC elements. These simulation
results, as compared to the corresponding experimental results, clearly indicate that the
DFXLMS algorithm is effective to-improve the noise reduction amount when there is

noise on the measurement of signals.

7. Conclusion

The optimum solution of a multiple reference feedforward active noise control system has
been obtained in time domain. It was particularly noted that if the reference signals are

correlated, the corresponding system would be ill-conditioned, which results in slow
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convergence speed and high sensitivity to measurement errors. A decorrelation approach
has been constructed for preprocessing reference signals based on the Wiener filter theory
and Gram-Schmidt orthogonalization theorem. Experiments based on sound transmission
through a vibrating plate has been conducted, and the results demonstrate the
effectiveness of the decorrelation approach to improve both the convergence speed and

steady state error.
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Figure 1. Multiple reference multiple input (MRMI) system.
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Figure 2. Noise sources and reference sensors.
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Figure 4. An adaptive transversal filter.
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Figure 5. An adaptive decorrelation filter.
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Figure 6. Adaptive Decorrelation Filter for K reference signals.
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Spectrum of Error Signal after 30 seconds, u = 0.01
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Figure 10. Spectrum of error signal after 30 seconds convergence time.
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Figure 11. Comparison of learning curves based on experiment.
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Figure 12. Comparison of learning curves based on simulation.
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Table 1 Excited modes and measured natural frequencies of the clamped plate.

Mo‘de

(LD

2,1)

(1,2)

(2,2)

G,

Frequency (Hz)

115

201

265

342

350
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Table 2 Eigenvalue spread versus correlation

Co Reference Reference Filtered reference Filtered
signals without | signals with without reference with
decorrelation decorrelation decorrelation decorrelation

1.0 17.7 3.2 8.4x10° 2.3x10°

0.5 48.2 3.4 2.9x10° 3.1x10°

0.2 242.5 . 3.0 1.1x10’ 2.2x10°
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